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SECTION 6 
AMPLIFIER CIRCUITS 
PART A. ELECTRON-TUBE CIRCUITS 
AUDIO AMPLIFIERS. 


APPLICATION. 

The audio amplifier is used to amplify input signals 
whose frequency limits fall within the range of audio fre- 
quencies, which cre approximately 30 to 15,000 cycles per 
second, 


CHARACTERISTICS. 

Input may be un audio signul of extlemely smoll umpli- 
tude, which is to be amplified in amplitude, or it may be c! 
hich is to he 


amplified in power, 

Input impedance may be high, medium, or low, depend- 
ing upon the type and application cf the audic amplifier. 

Output impedance may be high, medium, or low depend- 
ing upon the load to which the amplifier furnishes its out- 
put signal. 

Output signal amplitude may be many times greater than 
input signal amplitude, if the application is intended for 
voltage amplification, or it may be only a few times greater 
than the input, if intended for power amplification, Expres- 
sed as voltage gain, the gain may be high for a voltage am- 
plifier, or it may be low for a power amplifier, 

Grid bias is such thet plate current flows for the entire 
input cycle, in single-ended circuits, ond grid current does 
ict ordinarily flow during any part of the input cycte. 

Grid bias may be of such value, in push-pull circuits, 
that plate current does not flow when no input signa! is ap- 
plied, and flows only during one naif of the input cycle 
of signal voltage when on input signal is applied to the 
grid. 

Frequency response is approximately linear over the 

i mptise the intended 


considerable amplitude 


bandpass of the amplifier, However, this does not imply 


hove a art 


sonse aver the 


that all audio amplifiers over the 


entire qandinfrequency rande of 30 to 15,000 cus. Some ane 
pications Bs audio alee purposely restrict the band- 


in order to ac- 
i ler te 


rect 


t (gee) signal gic 


CIRCUIT ANALYSIS. 
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to amplify only portions of the audio range. Specifically, 
eny amplifier that amplifies an input signal whose frequen- 
cy lies between 30 and 15,000 cps — whether the input sig- 
nal consists of only one particular frequency or a multitude 
of frequencies — may be classed as an audio amplifier, 
This point should be bome in mind, because in some piece 
of equipment a circuit may be encountered which is reter- 
enced as an audio frequency amplifier, but which actually 
handles no audio!’ intelligence in the sense that it is 
both within the range of audibility and is intelligible to the 
human ear. Fer illustration, the frequency-shift system of 
transmitting teletype information on a radio-frequency chan- 
an audio frequency amplifier to raise the audio 
level nf two specific frequencies ~ one for the marx!’ 

and the other tor the “space” in a teletype character — be- 
fore these frequencies ate converted tc r-f signals for trans- 
mission. In this case the audio amplifier is required to am- 
thy only two frequencies, suck as 85 cycles and 170 cycles. 
‘Additional circuits may be included to actually restrict the 
response of the amplifier to a narrow range, such as from 
30 tc 200 cycles, in order tc pass only the two frequencies 
mentioned above. Yet this amplifier is termed an audio 
amplifier. 

Circuit Operation. Audio amplifiers may be divided in- 
lo two general classifications: voltage amplifiers and 
power amplifiers. In each of these divisions there are sev- 
eral circuit configurations, each of which may utilize one 
or mote different types of vacuum tubes: triodes, tetrodes, 
pentodes, or beam power tubes. 

The specific characteristics and circuit operation ot 
several configurations in each division are contained in 
the seven circuits to follow in this section. A brief discus- 
sion covering audio amplifiers in general is given in the 
tollowing paragraphs. 

In a voltage amplifier, the primary consideration is the 
ratio of the altemating cutput voltage obtained from the 
plate circuit to the altemating input voltage applied to the 
gtid circuit to produce the output voltage. This ratio is 
termed the gain of the amplifier. The amount of power which 
is available in the plate circuit is both minute and inciden- 
tal — the increase in signal voltage is e concern. 

Tn order to produce the largest possible output signal vult- 
ege, which is taken across the plate load, the impedance 
e 


of this clate load m 
ot pate) 
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occurs when the load impedance is equal to twice the 
triode's plate resistance. 

The circuit used in both a voltage amplifier and a power 
amplifier may be one of several types: resistonce-capaci- 
tance coupled, impedance coupled, transformer coupled, or 
direct coupled. Each type has certain advantages and dis- 
advantages, which adapt it to specific applications. A res- 
istance-capacitance audio amplifier is probably the most 
widely used type, with its components relatively inexpen- 
sive and their weight relatively light, [ts frequency res- 
ponse can be designed to be uniform over the entire audio 
range. Probably its only disadvantage is the somewhat 
higher power supply voltage, required for the plate circuit, 
than is demanded by the transformer-coupled and impedance- 
coupled types, 

An impedance-coupled audio amplifier utilizes an induc- 
tor in place of the load resistor used in the conventional 
tesistance-capacitance coupled circuit. A large value of 
inductance is used, to obtain a maximum amount of ampli- 
fication --particularly at the lower audio frequencies. The 
amplification is not uniform over the audio range because 
the load impedance of the inductor varies with frequency, 
in accordance with the relationship: 


Zi =\ B+ (27 fly 


Zx = load impedance (ohms) 
R = resistance of inductor (ohms) 
f = audio frequency (cycles) 
L = inductence of inductor (henries) 

The amplification is higher than in the resistonce-cap- 
acitance coupled circuit with the same plate supply voltage, 
because the relatively low d-c resistance of the inductor 
contributes to a higher voltage at the plate. 

A transformet-coupled audio amplifier presents its par- 
ticular advantages and disadvamtages. The advantages in- 
clude a greater value of voltage amplification than is ob- 
tainable in ony of the other circuit types; direct-current 
isolation between the output plate and the grid of the fol- 
lowing stage without the need for a blocking capacitor; 
higher plate voltage at the tube because the input (primary) 
winding of the transformer has far less d-c resistance then 
a plate load resistor; and ~ possibly the greatest advan- 
tage providing a means of coupling from a low-impedance 
source to o high-impedance load, or vice versa, Its disad- 
vantages include greater cost, additional weight, greater 
space requirements, additional shielding requirements, and 
a generally non-uniform frequency response, especially at 
both high and low audio frequencies. 

A direct-coupled audio amplifier has the distinct advan- 
tage of distortionless amplification, when the operating 
yoltages are properly adjusted for Class-A operation. Its 
tesponse is uniform over a wide frequency range, especial- 
ly at the low frequencies ~ and even to zero frequency 
(direct current). Its practically instantoneous response 
allows an absolute minimum value of phase distortion, 
making it especially useful in the amplification of square- 
wave pulses, such as are used in teletype communications. 


where: 
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Tts chief disadvantages are the complexity of the resistance 
network that is required to obtain the proper plate and grid 
voltages for each stage and the tendency toward instability 
of operation, as well as the successively higher valtages 
tequired to operate the second and any succeeding stages. 


FAILURE ANALYSIS. 

No Output. The circuits of audio amplifiers present 
widely varied configurations, depending upon their mode 
of coupling and their application, In general, the cause of 
a no-output condition may be due to a defective tube, the 
failure of the voltage source which supplies the d-c poten- 
tials to the tube, the failure of the input signal, or a dis- 
continuity in the coupling circuitry. If the tube has been 
found to be capable of operation, the presence of sufficient 
d-c voltage at the plate terminal of the tube should be check- 
ed. Should no voltage be present, the plate load may be 
open-circuited. In the case of resistance-capacitance 
coupling, this would be the plate resistor. If transformer 
coupling or impedance coupling is used, the transformer or 
inductor may be open-circuited. The cathode circuit should 
also be checked for an open cathode resistor, as this defect 
would produce a no-output condition. If the input signal has 
been checked and found to be present and of sufficient 
amplitude, and the trouble persists, the couse of faulty 
operation must be located in the coupling circuitry. An 
open coupling capacitor, or a ‘short!’ in the grid circuit 
which bypasses the input signal to ground, could be the 
cause of no output. 

Reduced or Unstable Output. A reduced value of out- 
put or instability in on audio amplifier could result from a 
defect in almost ony component in the circuit. Assuming 
that an input signal of sufficient amplitude is present at 
the input to the circuit, a likely couse of decreased output 
may be a tube having poor cathode emission, due to age 
or overloaded operation, An increase in the resistance 
value of the plate load resistor or the cathode resistor, re- 
sulting from overheating during operation, would decrease 
the plate current, thereby decreasing the output, with a 
given input signal. If the cathode resistor increased in 
resistance, the grid bias would also be increased, further 
decreasing the plate current. A change in the value of the 
qrid resistor may affect the loading of the previous stage, 
and possibly reduce or distort the output signal. A leaky 
ot shorted input coupling capacitor may allow a positive 
potential from the output of the previous stage to be ap- 
plied to the grid of the audio amplifier, biasing the grid to 
cause increased conduction of plate current and possibly 
cause grid current to flow, resulting in a distorted output 
and possibly grid limiting. A leaky or shorted output cou- 
pling capacitor, if used, may have a similar degrading ef- 
fect upon the signal input to the following stage. If the 
circuit contains a cathede bypass capacitor, and the capa- 
citor became shorted, the audio amplifier would operate at 
zero bias, with a substantial increase in plate current and 
possible distortion on the positive input peaks due to sat- 
uration or gtid current limiting, if the cathode bypass ca- 
pacitor became open, a reduced value of output signal, with- 
out distortion, would be obtained because of degeneration 
in the circuit. A reduced value of output signal may also 
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be due to a low plate supply voltage, which in turn may be 
the result of a defective power supply. 


R-C COUPLED TRIODE AUDIO YOLTAGE AMPLIFIER. 


APPLICATION. 


The RO counled triode audio voltage amplifier is us 


to increase the amplitude of an audio-frequency signal volt- 
age when uniform gain is requited over the entire uudio 
spectrum and when a medium value of gain (between 5 and 
70) is tequited. It is generally used to amplify low-level 


 gpocare in the audio cec- 
Wcppears inthe di sf 


tion of communications receivers and transmitters, in sonar 
equipment, and in applications which utilize signal frequen- 
cies in the qudio-frequency range instead of aural intelii- 


Hence 


CHARACTERISTICS. 

Input is normally an audio-frequency signal of extremely 
smal] amplitude. 

Input impedance is normally very high, ranging from 
several thousand ohms to several megohms. 

Output impedance is usually high, ranging from several 
thousand ohms to approximately half a megohm. 

Voltage gain ranges from 5 to 70, depending upon the 
application and circuit design. 

Qnerates Class A: no arid current flows under any 
conditions, 

Frequency response is linear over the range of audio 
trequency for which the amplifier is designed. This may 
include the entire audio range, of may be restricted to a 
portion of it, depending upon the intended application of 
the amplifier. 

Output (plate) signal and input (grid) si 
opposite polarity. 

toad bias (Sele sice) is normally used; fixed bias 
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bias is fumisned by means of cathode resistor R2, which is 
bypassed by capacitor C2 to maintain the bias at a constant 
average value and thus prevent degeneration. Plate volt- 
age is fumished from the plate power supply , Epp through 


tEnpy 


Typical R-C Coupled Triode Audio Voltage Ampilitier 
Circuit 


plate load resistor R3. In some circuits, especially where 
several stages ot amplification are utilized, an additional 
resistor may be used, connected in series between the 
plate loud resistor and Epp, with a capacitor connected 
from the junction of the two resistors to. ground, to form a 
decoupiing circuit. This addition prevents the possibility 
of audio feedback (and its tesult--oscillation) from an out- 
put Stage or one operated at a high audio level, back to an 
input or jowlevel stage through the power supply , Fy. 
which could act as a means of common coupling. 


aus order to obtain a high value of audio output voltage 
1 


ce value of the nlate 


yoltace’ 
SoS 


has possible, 


iénal one, ecard 
ite load will couse an increase 
in the voltage diop across it, resulting in a decrease in the 
actual voltage at the plate of the triode. In order to obtain 
ited effective plate voltage, with an increasen 
resistance of the plate load, the only solution is to 
increase the plate supply voltage, Epp. However, there 

‘ to the amount by wich the plate vnir- 


The maximus voltage obtainable 


ELECTRONIC CIRCUITS NAVSHIPS 
As the frequency increases toward the high end of the re- 
sponse curve, amplification falls off because of the shunt- 
ing effect of the combination of output capacitance of the 
stage, the distributed capacitance of the coupling network, 
and the input capacitance of the following stage. These all 
act to shunt the higher frequencies to ground. As the 
frequency decreases toward the low end of the response 


R_+0.5 MEG 
100+ 
RL 0.1 MEG 
S RL * 0.05 MEG 
a 50+ 
oO 
RL = 0.02 MEG 
co) + + a — 
10 too 1,000 19000 ~—- 100,000 


FREQUENCY (CPS) 


Frequency Response of an R-C Coupled Triode Audio Volt- 
age Amplifier With Various Values of Plate Load Resist- 
once 


curve, the amplification also falls off. In this case the re- 
duced gain is caused by the increase in reactance of the 
coupling capacitor as the frequency decreases, and is also 
caused by the increase in reactance of the cathode bypass 
capacitor, which introduces degeneration at the lower freq- 
quencies. 

An RC coupled triode audio voltage amplifier can be 
designed to give a good frequency response for almost any 
range of audio frequencies. For instance, an amplifier 
can be built to give uniform amplification for audio fre- 
quencies from 100 to 20,000 cycles per second. By 
changing the values of the coupling capacitor and the load 
resistor, the frequency range can be extended to cover the 
very wide frequency range of the video amplifier. However, 
this extended range may be obtained only at the cost of 
reduced amplification, or gain, over the entire range. This 
may be observed by referring to the previous illustration; 
it will be seen that the output response is relatively flat 
from approximately 100 cycles to well over 10,000 cycles 
when the value of the load resistor, Ri. is 0.02 meqohm, 
but the over-all gain is relatively low compared to that 
obtained using higher values of plate load resistance. 
Thus, the R-C coupled triode audio voltage amplifier may 
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be made to give a good frequency response over the entire 
audio range, at medium values of amplification, 


FAILURE ANALYSIS. 

No Output. A no-output condition in an R-C coupled 
triode audio voltage amplitier may be caused by any one otf 
several defects. First, the presence of an input signal 
at the input to the amplifier should be verified. The triode 
tube should be checked to insure that it is capable of op- 
eration. The presence of plate voltage ot the plate of the 
ttiode should be checked; if no voltage ot a very low volt- 
age is present, a defective plate load resistor or a defect- 
ive plate power supply is indicated. If the voltage at the 
cathode is very high-approximately equal to the plate sup- 
ply voltage, Ex» -an open cathode resistor may be the cause 
of no output, assuming that the plate load resistor and the 
ttiode have been both found in on operable condition. 
Finally, an open input coupling capacitor may be the cause 
of a no-output condition. 

Reduced or Unstable Output. Reduced or unstable out- 
put from an R-C coupled triode audio voltage amplifier 
may be due to an aging tube having poor cathode emission, 
a reduced value of plate voltage due to a defective plate 
power supply, or an input signal of insufficient amplitude. 
An open grid resistor would cause severe distortion, 
greatly reduced output, and possibly intermittent operation 
due to grid blocking’. If the input coupling capacitor 
were leaky, distortion would be present in the output 
signal as a result of the presence of a positive value of 
voltage at the grid, from the plate of the previous stage 
supplying the input signal. A reduced value of output, 
without distortion, may be caused by an open cathode 
bypass capacitor, which would introduce degeneration in- 
to the circuit. An excessive value of bias, caused by too 
high a value of cathode resistance (or too high a value of 
bias voltage if a fixed bias is applied), would also be res- 
ponsible for an output signal of reduced value. 


R-C COUPLE D PENTODE AUDIO VOLTAGE AMPLIFIER. 


APPLICATION. 

The R-C coupled pentode audio voltage amplifier is 
used to increase the amplitude of an audio-frequency sig- 
nal voltage when uniform gain is required over the entire 
dudio spectrum and when a high value of gain (up to 
approximately 350) is required. [t is used to amplify 
extremely low-level signals, where a high gain per stage is 
required and the number of stages which can be accommoda- 
ted is limited. 


CHARACTERISTICS. 

Input is usually an audio-frequency signal of extremely 
low amplitude. 

Input impedance is very high, usually greater than 0.1 
megohm. 

Output impedance is high, and as a mule is considerably 
higher than that of a triode amplifier. 

Voltage gain is much higher than that of a triode amp- 
fier, tonging from 100 to 350, 

Operates Class A; no grid current flows under any 
conditions. 
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Frequency response is linear over the range of audio 
frequencies for which the amplifier is to be used. 

Output (plate) signal and input (grid) signal are of 
opposite polarity. 

Cathode (self) bias is normally used; special applica- 

i n of fixed bias. 

ion in the output signal is lower, for 
the same value of output signal voltage, than that of a 
triode amplifier. 


CIRCUIT ANALYSIS. 

General. The R-C coupled pentode audio voltage am- 
plifier is widely used asthe input stage in a high-gain am- 
plifler assembiy, where the value oi the signul inpui vuli- 
age is extremely low. Because its input impedance is 
high, it can accommodate inputs from various high-impedance, 
sources by direct connection, without the necessity of 
impedance-matching transformers to effect the connection. 
Such sources include crystal and high-impedance dynamic 
microphones, crystal vibration pickups (including phono- 
graph pickups}, and magnetic tape heads. The gain per 
stage of a pentode amplifier is much higher than that of a 
triode, and the pentode amplifier produces an output signal 
voltage of considerably greater amplitude than that of a 
triode when operated at the same plate supply voltage, Enn. 
The total uurmonic distortion contained in the output of a 
pentode audio amplifier is less than that of a triode audio 
amplifier for a given value of output (signal) voltage. 

Circuit Sperotion, The R-C coupled pentede oudic 
voltage amplifier is used to amplify, to o high value, an 
input signal within the audio-frequency tange, and reproduce 
the otiginal waveform without appreciable distortion. The 
circuit of a typical amplifier of this type is shown in the 
following illustration. In this circuit the input signal is 
opplied through coupling capacitor Cl to the arid of the 


INPUT 


= +Ebp 
Typical R-C Coupled Pentode Audio Yeltage Amplifier 


Circuit 
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pentode, Vl. The grid is returned to ground through grid 
resistor Rl. The pentode is operated with self-bias, with 
the bias being supplied by means of cathode resistor R2; 
the resistor is bypassed by capacitor C2 to maintain the 
bias at a constant average value, thereby avoiding degen- 
eration of the amplified signal. Plate and screen voltages 
are supplied from the plate power supply, Ex», through de- 
coupling resistor R5 bypassed by capacitor C4, with R3 
serving as the screen dropping resistor bypassed by capaci- 
tor C3 and with R4 serving asthe plate load resistor. The 
decoupling circuit, composed of R5 and C4, serves to pre- 
vent feedback at an audio rate from the output (plate) of Vi, 
back through the low impedance of the power supply to the 


bo. whic’ 


plate of the previous tube, which 
to the grid of V1. 

An example of the use of this circuit is its application 
as 9 servo preamplifier. wh G ‘ype a4) pentode used for 
Vi, a plate voltage supply E ts de, and an in- 
put signal of 400 cycles, the ¢ circuit ae a voltage am- 
plification of 70 when the following component values are 
used: Rl, 1 megohm; R2, 3.3K; R3, 1.5 megohm; R4, 470K; 
RS, 220K; Cl, O.01p4; C2, 30ut; C3, O.1 ut; and C4, 164. 

The pentode tube used in the R-C coupled pentade audio 
voltage amplifier has a much higher plate resistance than 
a triode tube; because of this fact, the resistance value of 
the plate load resistor has a considerable influence on the 
amplification of the higher frequencies, especially at the 
upper frequency limit of the designed bandpass. At the 
lower frequency limit, however, the output coupling cap- 
acitor to the following stage may have a somewhat lower 
capacitance value than in a comparable triode amplifier 
circuit, and still maintain the same low-frequency response. 
The effect of the value of the plate load resistor upon the 
frequency response, ot bandpass, of the amplifier may be 
generalized: with a plate load of 100K, the high-frequency 
limit is approximately 25,000 cycies per second, while a 
plate load of 500K gives a high-frequency cutoff in the 
neighborhood of 5000 cycles. Since 25,000 cycles is far 
beyond the normal response range of an audio-frequency 
amplifier, a more realistic high-frequency limit of 10,000 
cycles may be obtained by using a plate load resistance of 
250K, 

From the above discussion it appears that, as the plate 
load resistance is made lower and lower, the high-frequency 
cutoff limit becomes higher and higher, and that it would 
therefore be advantageous in any case to use a iow vaiue 
of plate load resistance. While this is tre, a low value of 
plate load resistance has probably a greater disadvantage: 
the output 5: 1 will have alow amplitude. Therefore, in 
order to obtain sufficient output signal voltage (amplitude), 
the velue ofthe plate load resistance must be a compromise 
between output voltage versus high-frequency response. 

in connection with the use of a pentode as a voltage 
amplifier, the equation Ijoad = @g Gm 
is often used, ‘lhis expression, along with an equivalent 
circuit, con be derived from the equation for output voltage, 
eo: 
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By substituting for jz the relationship sz = IpGm, we have: 


S (fo Ay) 
SF Si eR 


The terms in parentheses will be recognized as the total 
resistance of a parallel circuit of rp and Ri. Hence, the 
expression suggests the equivalent circuit shown below. 

As long as the load is purely resistive, this circuit gives 


| 
| 
<n | 
CIRCUIT 
REPLACING | | 
THE TUBE 


Equivalent Circuit of a Pentode Voltage Amplifier 


exactly the same results as the original equivalent circuit. 
Tf the load is reactive, however, on error is introduced in 
calculations of phase shift unless the plate resistance tp 

is large compared to Rr (with pentode tubes rp is often very 
large compared to Ry}. When this is true the parallel branch 
tp can be neglected, and the load current is equal to - eg 
gm. This speeds up calculations and is especially useful 
for pentode tubes when their values of rp and 42 are not 
accurately known. 


FAILURE ANALYSIS. 

No Output. If an R-C coupled pentode audio voltage 
amplifier is defective in that no output is produced, the 
input signal source should first be checked to see that a 
signa of proper amplitude is present at the input terminals 
of the amplifier. The pentode tube should olso be checked 
to insure that it is capable of operation. Plate and screen 
voltages at the tube socket terminals should then be mea- 
sured, to determine whether the voltages are of the proper 
value. If no voltage is present at either the plate or the 
screen, the plote voltage power supply (Eyp) may be defec- 
tive in that no output is being fumished. Another possible 
cause may be an open decoupling resistor RS, a shorted 
capacitor C4, or an open cathode resistor R2. If plate 
voltage is present but screen voltage is not, screen drop- 
ping resistor R3 may be open-circuited or screen bypass 
capacitor C3 may be shorted. On the other hand, if screen 
voltage is present without plate voltage, an open plate 
load resistor R4 is indicated. If, however, both plate and 
screen voltages are normal and no output is obtained, an 
open input coupling capacitor Cl could be the cause of 
the trouble. 
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Reduced or Unstable Output. If the R-C coupled pen- 
tode audio voltaye amplifier is defective in that a reduced 
value of output or instability is evident, the input signal 
should be checked to see that it is of sufficient amplitude, 
yet not of excessive amplitude that would overload the 
amplifier stage. If the input signal is present and has nor- 
mal amplitude, the trouble may be due to a leaky coupling 
capacitor Cl, which might allow a positive voltage from 
the precediny staye to be impressed on the grid of V1, 
thereby introducing distortion. An open or extremely high 
resistance ytid resistor Rl would tend to cause intermit- 
tent operation (‘‘motorboatiny'"); if this condition prevails, 
the grid resistor should be replaced. A reduced value of out- 
put could also be caused by an open cathode bypass capa- 
citor C2 or by an open screen bypass capacitor C3, either 
of which would cause the circuit to be degenerative. 
Another couse of low output could be an open screen te- 
sistor 83, which would make the tube attempt to operate 
with plate voltage but without screen valtaye. A decteased 
value of screen voltaye, due to a leaky screen bypass capa- 
citor C3, could cause low output. A decreased value of 
plate and screen voltage, due to a defective power supply 
Epp, could likewise be responsible for low output. Finally, 
there is a femote possibility that low heater (filament) 
voltage, brought about by a loose connection ar an over- 
loaded circuit, may be the cause of a low value of output. 


IMPEDANCE-COUPLED TRIODE AUDIO VOLTAGE 
AMPLIFIER. 


APPLICATION. 

The impedance-coupled triode audio voltage amplifier 
is used to increase the amplitude of an audio-frequency 
signal where wideband response is not desired, and higher 
gain than that of the wideband amplifier is desired, 


CHARACTERISTICS. 

Frequency response is linear over a small band of 
frequencies, for exemple from 200 to 10,000 cps, depending 
upon the design. 

Input is normally an a-f signal of small amplitude. 

Input impedance is high, usually more than 50,000 chms. 
Output impedance is high (on the same order as the 
input}, andis suitable for cascaded stages or magnetic out- 

put devices requiring little power. 

Output signal is inverted in polarity from that of the 
input signal. 

Operates class A biased; no grid current flows under 
normal conditions. 

Cathode (self) bias is normally used, but fixed bias may 
be used in certain applications. 

Requires Jess plate voltage than that of an equivalent 
R-C-coupled amplifier to produce an equivalent output. In 
this respect it is similar to the transformer-coupled ampli- 
fier. 


6-A-~6 


LS 


ELECTRONIC CIRCUITS NAVSHIPS 
CIRCUIT ANALYSIS. 

General, The impedance-coupled triode audio voltage 
amplitier resembies on R-C-coupled audio amplifier (pre- 
viously discussed}, except that un iron-core inductance 
choke), instead of c resistor, is used as the plate load. 


li is sometines referted te Gs G chohe-coupled amplificr. 
Because the choke acts as 4 reactance at a-c frequencies, 
the impedunce determines the drop across the plate load. 
However, since the dec resistance of the choke coil is low, 
only a small d-e voltage drop occurs across the choke. As 
a result, ¢ much lower plate suppiy voltage can be used to 
provide the same effective plate voltage(as compared with 
ac RC omplitier). 
Circuit Operation. 


coupled triode audio valtanes amplifier is Shown in the 


OUTPUT WAVEFORM 


INPUT. 
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Ay 
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Typical Impedance-Coupled Triode 
Audio Voltage Amplifier 


As can be seen, theinput signal is capacitively coupled 
through C1 to the qri 


and grid resistol 


d of tube V1. Coupling capacitor C1 
Rl form an oudio yoltage divider. The 
ider is the valtaqe which appears 


rage or any d-c 
weltiae-a existing in the fr input circuit arch adversely biasing 
Vi. The reactance ot 


th te an qaciO-ttequency sigai is 
; thus little signal is Isst across the 


much smaller than Fi 


b 


capacitor, 
averaye plate current low, and cupuvitor C2 bypasses the 
resistor to prevent degenerative effects (refer to Section 2, 
paragranh 2.7.1, of this ae ak a discussion of cathode 
biasir3), Choke load impedance across 
which the output clipe L1, C3, and Re 
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bias. A plate voltage drop across choke coil L) is pro- 
duced by the d-c coil resistance. This drop is constant, 
regardless of whether a signal 
di ince it-eartr 
coupling capacitor C3. When 9 positive-goi 


is applied to the ari 
is apptied te the 


gtid bias, and 


iO Output voltage sin 


Assuming a sinc-wave input, es the s: LF 12 
current also increases unti! the positive peuk of the input 
cycle is reached. During this half of the cycle (from point 
@ to point b on the output waveform), a continuously in- 
creasing voltage drop (negative swing) occurs across the 
load produced by the reactance of Li. Thisis the audio- 
outoat voltage which is applied to co 
With a positive-going input, @ negativ 
developed by the increasing plate =: s the 
voltage across the impedance offered by o shaver. 1. When 
the gtid voltage reaches the 
uge is at a mininum value (point b on the Gutput waveform). 
As the grid voltage recedes, plote current decreases. Con- 
sequently, tne voltage drop across [1 becomes less and 
less, reaching zero (point c on the waveform) ct the comple- 
tion of the positive half-cycle of the input signal. 

As the input siqnal now swings ne getive, it adds to 
the applied bias produced by normal plate current flow, 
and reduces the plate current instantaneously. During the 
negative-going half-cycle of input signal, the plate current 
continuously decteases (point ¢ to point d) until the nega- 
tive crest is reached at point don the input waveform. 
During this portion of the hail-cycle, the plate voltage 
rises toward the source voltage and produces the positive 
going portion of the output signal. At the negative crest 
{point d on the input waveform), the input signal is equal 
to the bias, but cutoff is not reached becouse the initial 
bias is less than half of the cutoff value to insure that the 
tube is operated over the linecr portion of its grid-voltage 
plate-current characteristic curve. At this time to plate 
voltage is equal to the source veltaye less the small d-c 
drop in the plate choke. As the negative input signal 
swings positive and retums to the zero level, the plate 
current continuously increases (since the effective grid 
bias is reduced), and the voltage arop produces across L1 
increases. Plate voltage decreases from the maximum value 
to the static level (point d to e on the output waveform). 

Since the input signal cur sever exceed the bias volt 
aqe without producing distortion by driving 
it can be seen that the beuk inpui v plage ts 
order of a few volts or less. On the other | 


Sitive crest, tf 


ate voit 


tube charecteristics, supply voltages 


Since the plate valrage swir 


availabie, and pias 
ys achrally the oule 
tage which is applicd to the coupling capaciter, it 
is easy to understand how a voltage gain from input to out- 
put of 100 or greater can be obtained. Because the output 
voltage reaches a neqative peck when the input voltage 
reaches 3 positive peck, and v th 
tastant of time they are a 
of phase with each GioE® 


jeulor 
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polarity and of the same phase because the current and 
voltage are both in phase (at extremely low frequencies 
there may be an actual phase shift): Since only a voltage 
output is desired, it is unnecessary to match the load imped- 
ance to the tube impedance. In fact, exactly the opposite 
approach is used; the load impedance is always selected to 
be much larger than the plate resistance (for a triode) so 
that the greatest output voltageis obtained. Because both 
positive and negative plate current swings are identical, 
assuming ¢o Sinewave input, the average current remains 
the same and is not affected by the input signal. There- 
fore, the cathode current can be used to provide a steady 
self-bias (fixed bias may be used if desired). 

For ease of discussion, the frequency spectrum over 
which the impedance-coupled amplifier operates can be 
divided into three convenient ranges: low- , middle and 
hign-frequency. Tie gain drops off at the low frequencies 
because the impedance of the choke coil becomes less as 
the frequency is reduced. To increase the low-frequency 
tesponse, a large number of turns are used to provide a 
qteater inductance. However, the distributed capacitance 
produced by a coil winding of many turns creates a large 
shunting capacitive reactance, which causes a drop in the 
high-frequency response. Over the middle-frequency range 
the gain is more uniform. It is limited only by the parallel 
combination of tube plate resistance, plate choke-coil imped- 
ance, and the shunting effect of the input resistance (grid 
resistor) of the following stage. Generally speaking, the 
plate choke-coil-impedance over the middle-frequency 
tange is very high as compared with either the tube plate 
tesistance or the input resistance of the next stage; thus 
maximum jain is obtained, The gain of the impedance 
coupled omplifier drops over the high-frequency range 
mainly because of the large distributed capacitance of the 
choke-cail turns, which effectively shunts the load to 
ground and offers a low-impedance path to high frequencies. 


FAILURE ANALYSIS. 

No Output. A nc-output condition could be caused by 
no input signal, an open-circuited condition, lack of plate 
or filament voltage, a short-circuited condition, or defec- 
tive tube. The presence of absence of an input signal can 
he determined by making on oscilloscope or vacuum-tube 
voltmeter check at the input. An open-circuited or short- 
circuited condition can be localized to the defective 
portion of the circuit by making voltage measurements with 
a high-resistance voltmeter to determine whether the proper 
filament, cathode or grid, and plate voltages exist. In many 
instances open filaments can easily be located by observing 
that the filament does not light and that the tube feels 
cold to the touch. Where improper or no voltage exists, 
check the power supply voltage to determine whether the 
fault is in the amplifier or in the power supply. If there is 
normal voltage at the output of the power supply, the trouble 
is in the amplifier. Lack of plate voltage then indicates 
a defective plate choke, L}. If the choke is open, there 
will be no voltage between theplate and ground, If it is 
shorted, there will be no voltage drop across the choke. 
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Tf thereis a short between the plate and ground, the power 
supply voltage will be dropped entirely across the choke. 
Removing the tube will clear the short if the tube is defect- 
ive; otherwise, it can be assumed that the choke insulation 
has failed and that there is a d-c path through the core tc 
ground. A short-circuited condition is usually indicated 
by burning or charring of the parts involved, and sometimes 
can be easily located by a visual examination. If such an 
examination does not reveal the trouble, it will be nec- 
essary to remove the power, discharge the Bt supply, ond 
then remove the part and make a resistance check on it. A 
short-circuited condition is indicated by a low resistance 
between points that normally have a higher resistance. 

No output can also be caused by an open coupling 
(input) capacitor, Cl. If the signal is present on the input 
side (as observed on an oscilloscope) but nat on the grid 
side, either the capacitor is open or the grid side is shorted 
to ground. Use an in-circuit capacitance tester to determine 
whether the capacitor is defective. If the trouble is not 
revealed by this test, it will be necessary to disconnect 
the capacitor from the circuit and check it with o standard 
type of capacitance bridge. Output coupling capacitor C3 
can also cause a no-output indication if it is open; check 
it in @ similar manner, considering the plete side as the 
input side and the side connected to Rg as the output side. 
If all voltages appear normal and still no output is obtained, 
replace the tube with a tube known to be good. Unless 
shorted or open-circuited, a defective electron tube will 
usually cause reduced or distorted output rather than none 
at all, 

Reduced or Unstable Output. Reduced output is usually 
caused by lack of proper plate or grid voltages; unstable 
output is often caused by oscillation ond intermittent 
circuit operation. Use a high-impedance voltmeter to check 
the grid or cathode bias voltage. A low bias voltage will 
cause a drop in output because heavy plate current causes 
peak clipping effects and distortion. A high bias will also 
couse lower output. If cathode bypass capacitor C2 is open, 
sufficient degeneration will be produced to appreciatly 
reduce the output. Poor joints (soldering, etc) will create 
a high-resistance condition; if the poor joint is in the plate 
circuit, lower output will result. A leaky coupling capacitor 
(C1) will improperly bias the stage, causing a reduction 
in output. If coupling capacitor C3 is leaky, it will im- 
properly bias the next stege, draw more thar, normal plate 
current, and cause ad-c voltage drop in L1; this voltage 
drop will reduce the effective plate voltage and the output, 
depending upén the amount of Jeakage. When normal volt- 
age appears on the tube elements and the output is still 
below normal, the tube is probably defective. A gassy 
tube can cause high grid current, thus producing excessive 
bias with a reduction in output after a short period of opera- 
tion . Normal output with the set initially operated, followed 
by a progressively decreasingoutput shortly thereafter is 
indicative af such a condition. Replace the suspected tbe 
with @ tube known to be good. Circuit oscillation at r-t 
frequencies will also cause the output to drop and show up 
as a fuzzy pattern on the oscilloscope. If the oscillation 


6-A-6B 


NM 


af 


ELECTRONIC CIRCUITS NAVSHIPS 
is at audio frequencies, a howl or squeal will be apparent 
in the output, and will be indicated on the oscilloscope as 
as a single frequency. 

Unstable output can result from an intermittently open 
bypass capacitor in the cathode or plate circuit. Motor- 
boating (oscillation at a very low frequency) is sometimes 
i by feedback through improper coupling of the grid 
ond plate circuits or through common impedance coupling 
in the power supply; this is especially true with high-gain 
cascaded stages. Feedback through the power supply is 
usually caused by a defective bypass capacitor in the B+ 
line. This condition commonly occurs when electrolytic 
capacitors age ond dry cut, thus losing their capacitance 


dew casts wl Tes 

Distorted Output. Distorted output may be caused by 
poor frequency response, the introluction of hum, or improper 
gtid bias, Distorted output due to poor frequency response 
is audible monitoring sources are available. 
To locate the distrotion, use on oscilloscope and a sine- 
wave yenerator to follow the signal path through the circuit. 
Observing where the waveform departs from normal will in- 
dicate the portions of the circuit involved. A square-wave 
generator may also be used. With a square-wave signal 
applied, a sloping leading edge indicates lack of high- 
frequency response, while a sloping flat top indicates lack 
of low-frequency response. Since o square wave is made up 
of many sine-wave frequencies, the application of a 2000 to 
3000-cycle square wave will indicate the relative harmonic 
response over a range up to 5 to ae times this frequency. 
Impedance coupting toduce ¢ frequency 
response intermediate between ae cf resistance-coupled 
arid transtormer-coupled stages. 

Hum distortion can be observed directly on an oscillo- 
scope. ‘hen existing on the power supply leads, it in- 
dicates lack of sufficient power supply filtering. If it is 
not on the power ieads, but is evident on the grid, plute, 
or cathode leads, check for induced hum pickup due to the 
neamess of grid leads to o-c leads. 


fnproper bias is also a common couse at distortion; 
coupled with excessive drive, it causes the peaks or 
trougns ef the voice signal to be clipped om Tn a very 
lack of sufficient filament emission can cause 
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TRANSFORMER-COUPLED TRIODE AUDIO VOLTAGE 
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tions of frequency response generally restrict the use of 
transformer coupling to audio circuits, which do not require 
an exceptionally wide bandpass or frequency response, but 
do require large voltage outputs. 


CHARACTERISTICS. 

Uuiizes iow piatetesisianve wiodes (7500 t 
ohms) with amplification factors ot trom § to 2 

The transformer step-up ratio usuaily dues not exceed 
3:1 for good-quality audio. However, much higher ratios 
are sometimes employed to obtain extreme gain with a 
sactifice of frequency response. 

Operates class A; no arid current flows under normal 
conditions. 

Frequency response is tincar Only over a rel 
narrow band of frequencies (approximately 200 to 10, 000 
cps). 

Cathode bias (self-bias) is normally used, but fixed 
bias may be used of desired. 

Output signal may be phased so that it is of the same 
polarity and phase as that of the input signal, or oppesite 
as desired, 


CIRCUIT ANALYSIS. 

General. The transformer-coup!ed triode audio voltage 
amplifier utitizes the transformer as a combined piate load- 
ing and coupling device. It is the primary of the trans- 
former which serves as the plate load, while the secondary 
functions as the coupling element. The ampliiied version of 
the input siqnal is deveioped across the trensicrmer pri- 
mary. Assuming that the primary impedance is large as 
compared with the plate resistance of the triovte, the voltase 
developed in the transformer primary is appre imately equal 
ta the amplification factor (u) of the tube mult.plied by the 
input signal. Therefore, the induced signal in the trans- 
former secondary, which is spplied to the following stage, 
is approximately equal to p N, where N represents the steg- 
up turns ratio between the primury and secondary of the 
transformer. 

Transformer coupling has several distinct advantages 
over either R-C or impedance coupling. A lewer value of 
plate supply voltage can be used, as compared with that 
of an R-C-coupled Blades since the d-c resistance of the 

winding is sm: 2 
er, when center-tapgc 
gtid voltages 180 degrees a: 
ariolifien) ‘of two ree raeeuiates tar 
The impedunce-natching properties ct the tranctormer m 
also be utilized if needed. Since the primary and secondary 
of the transformer are net connected together, the tc towing 


ed to Sipaly two 


stage (ot the output device) is isolated trom tne 3 plate 
voltage of the amplifier stuye, elitiinuting the iced & 
output network ae as a grid resistor and coupling 


f components. Th 


ontages. 
high, and it haslarge bulk and weight. Additional shielding 
is also ay fred to prevent the stray freids inttoduced by 
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Circuit Operation. A schematic diagram of a typical 
transformer-coupled audio voltage amplifier with a high- 
impedance input is shown in the accompanying figure 
Clis the input blocking and coupling capacitor, and Re 
is the grid return resistance. Resistor RK is the cathode 
bios resistor, bypassed by CK to prevent degeneration. 
Refer to Section 2, poragraph 2.2.1, of this Handbook for a 
discussion of cathode biasing methods. Transformer T, is 
the plate input and output transformer, coupling the output 
to the next stage or to the load. 


Typical Transformer-Coupted Audio 
Voltage Amplifier 


As can be seen irom the schematic, the input signal is 
capacitively coupled through C1 to the grid of tube V1. 
Coupling capacitor, Cl, and gtid resistor, Rg, form on audio 
voltage divider. The output of this voltage divider is the 
signal voltage applied to the grid of V1. Capacitor Cl also 
acts as a d-c blocking capacitor to prevent the plate valt- 
age of a preceding stage, or any d-c voltage existing in 
the input circuit, from adversely biasing V1. The reactance 
of Cl to on audio frequency signal is much small than Rl; 
thus little signal is lost across the capacitor. 

With no signal applied, static plate current flows 
through cathode resistor Rk and provides Class A bias. 
A plate voltage drop (Ep) across the primary of transformer 
Tl is produced by the d-c coil resistance. This small 
voltage drop is constont, regardless of whether or not a 
signal is present; and produces no output voltage since it 
is not connected to the secondary, but dees reduce the 


available plate voltage by a smal! amount. When a positive: 


going input signal is applied to the grid of tube V1, it 
teduces the effective grid bias, and the plate current in- 
creases instantaneously. Assuming a sine-wave input, as 
the signal rises the plate current also increases, until the 
positive peak of the input cycle is reached. During this 
half of the cycle (from point a to point b on the output 
waveform), 4 continuously increasing voltage drop (nego- 
tive swing} occurs in the primary as the constantly in- 
creasing plate current flows through the load impedance 
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a voltage (esec) in the secondary of Tl which is the output 
voltage (20). when the secondary is properly connewted 
(pkased), the input signal and the output signal are in phase 
with each other, otherwise they remain out of phase. Wnen 
the grid input voltage reaches a positive crest at point b 

on the waveform, the drop across the primary of Tl is ata 
negative maximum, andis 180 degrees out-of-phase with 

the input, causing the effective plate voltage to reach its 
minimum value {the plate current is now ato maximum). As 
the grid input voltege now recedes towards zero, the 
effective bias is continuously reduced (made more negative), 
causing the picte current also to reduce. The reduction of 
plate current changes the direction of the magnetic field 
produced around the transformer primary, and induces an 
oppositely polarized voltage in the secondary of Tl. While 
the primary voltage is positive-going, the secondary volt 
age is negative-going. When the sine-wave signal on the 
grid reaches point c on the waveform, the positive half-cycle 
af operation is completed and the tube is again at its 
quiescent point. Now, the grid signal continues to increase 
in a negative direction and adds to the cathode bias to make 
the effective bias still more negative, and reduces plate 
current flow below the quiescent value. This action con- 
tinues until the negative crest is reached at point d on the 
waveform. Since the plate voltage is increasing toward the 
supply value while the plate current is decreasing, at point 
d the plate voltage is maximum, and the primary voltage 
drop is positive andmaximum also. Because the induced 
secondary voltage is opposite that of the primary, the out- 
put is o maximum negative voltage (it is in-phase with the 
input). As the grid input signal again reverses direction 
and falls back towards zero, the effective grid bias once 
again is decreased and becomes positive-going. Conse 
quently, the plate current increases towards quiescent or 
zero value, and in changing direction it again changes the 
the direction of the field around Tl primary. Thus, a 
positive-going voltageis again induced in the secondary te 
complete the negative half-cycle of operation. 

Fer convenience and ease of discussion, the transformer 
is represented by three equivalent circuits in the accompany- 
ing figure. Part A represents the iow-frequency range 
(below) 200 cps), part B represents the middle-frequency 
range (200 to 8000 cps), and part C represents the high- 
frequency range (8000 to 20,000 cps). 
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in part A sf the figure, ~j@q is considered te be an a-c 
jenerator which represents the amplified output voltage of 
tricde V1; tp represents the c-c plote resistance of the tute, 
and Lp represents the inductance of the transformer ptimary. 
The dec resistence of the primary winding, which is normally 
small, can be considered as included in rp. Lp and tp form 
a voltage divider, with the output voltage token irom ccross 
Lp. At iow se fre GUERSLES the tecctance of Lp necomes 
t of the developed voltage appears ccross 
ip, thereby ascteasins the voltage dropped across the pri- 
marty, and hence the output voltage. For a giver value ot 
inductance, the lower the frequency the less the output volt- 


Small; 


of the Hqure, the reactance 


wid YerGos Sie is Guach, te 


siege “TS 


magnitus: 


ee ed by the tube amrlifientinn facts, 
the plate resistance, the amplitude Gi the appiied signal 
voltage, and the turns ratio of the transformer. It is over 
this frequency range that the response is most uniform on: 
the gain is maximum, 

in part © of the 
capacitance between the wind 
interelectrode, stray, and viting : 
distributed capacitance, which is appreciably lorge, shunts 
the h:gher frequencies to ground, since its reactance de- 
¢reases with increasing trequency. Le represents the 
equivalent inductance of the transformer (beth pri:sary and 
pecs The vaiue of Le depends on the leakage flux 
and the amount of mutual coupling between the windin 
et with cd in the equivalent 
:OrmMs & sefies-resonant cifCult which Tesonutes at 
high audic frequency. At and rear resonance, the magnitude 
of the voltage across cd is extremely iarge. If 4 
trequency 15 raised above resenunce, t 
decreases; hence the output voltage, vo, decreases. 
following ue @ typicdi respo: p 3.0 Te- 
latively uniform :nidd gtadual rell- 
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In practice, the gain of a so-called ‘‘flat response!’ 
transformer varies not less than | db and sometimes as 
much as 3 ab or mere over the range of 200 cps to 10,000 
cps. 


FAILURE ANALYSIS. 

No Output. Generully speaking, o no-cutput condition 
is caused by the lack of an input signal, an open-circuited 
condition by the lack of plate or filament voltage, a short- 
Circuited condition, or by a defective tube, The presence 
of an input signal may be determined by using an oscillo- 
scope or vacuuni-tube voltmeter to check the input. An 
epen-circuited condition can be localized to the detective 
ri cuit by using @ hign-tesistance voltmeter 


on of the 


grid, and plate 


iv ueteiioie whether Glausnt, ca 

i and are normai. Cpen iilament circuits can 
noting that the filament does not 
isnt and that the tube feels cold to the touch. When a lack 
of voltage is found, tne source (power-supply) voltage 
should be checked to determine whether the voltage is 
present; if so, the fault is in the amplifier and not in the 
power supply. In my case, a lack of voltage indicates 
either a short circuit or on open circuit in the associated 
ponent. For example, when B+ is present at the supply 
of the transformer primary but not at the plate, TI is 
oper If the voltage between the primary and ground is 
equal on both the supply-side and the plate side, there is 
no voltage drop across the primary coil. Therefore, either 
the plate current drain is too little (with the possibility of 
cutoi! bios}, or, with normal current drein, a shuri- 
circuited primary is indicated. Where the primary resistance 
known, a resistance check with the B+ supply off and 
the pacitors discharged will indicate whether the 
transformer is defective. Usually, a short-circuited condi- 
tion is evidenced visually by buming er charring of the 


When ail voltages appear normul and an input signal is 
present, but there is still no output, it is obvious that tube 
Viis at fauit. Repiace it with a tubeknown to be good. 
Nefects in the tube develop with age, and contribute to 

b taverns circuit operaticn, in the form of a low or 

t rather than no output. However, vibra- 

n or excessive voltage can cause the tube to become 
of shorted: therefore, this possibility must be con- 

nt of tubes should be 
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Caused Ly a lock of proper grid a: 
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aplete voltages, or iow 
sion, wale unstable output is usually caused 
or tent finctoning of circuit com= 
voltage on the grid (or cathode) to 


A low fixed bigs voltage can 


Check: the bias 


toms are not opp liceble tos elf- 
tarrangement heavy plate 
current wili increase the bias; thus the circuit tends to be 

= A hign sas will cause reduced output, 
ick} can couse snificient 
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degeneration to reduce the output appreciably. Poor joints 
(soldering, etc), which create high-resistance conditions 

in the plate circuit will also produce reduced output. If 

all voltages are normal andreduced output still exists, the 
trouble is likely to be in the electron tube. Replace the 
suspected tube with a tube known to be good. Circuit 
oscillation may also cause the output to drop, and will show 
up as fuzzy pottern on the oscilloscope. 

Unstable output can result from a defective, bypass 
capacitor in the cathode circuit. This trouble manifests 
itself in the form of erratic operation, accompanied at times 
by distortion. When in doubt, use an oscilloscope and a 
sine-wave generator to Observe the waveform at the input 
and output of the tube. In the case of intermittent condi- 
tions where oscillation is suspected, the application of a 
square-wave signal will tend to produce oscillation if in- 
stability is the cause of the trouble. Oscillation can result 
only from feedback caused by improper coupling of the grid 
and plate circuits, or by common impedance coupling 
through the power supply in multistage amplifiers, resulting 
from aging electrolytic bypass capacitors, This form of 
oscillation is called motorboating’, since it consists of 
a very low-frequency signal. Direct feedback usually 
manifests itself as a squeal or how! in the output. 

Distorted Output. Improper bias is a common cause of 
distortion in the amplifier output. Check for the proper 
voltages in the gtid and plate circuits. (Check the trans- 
former for a d-c leakage path between the primary and 
secondary windings if the bias is positive on the following 
stage.) Tube performance deteriorates with age, and 
usually manifests itself in the form of distorted and weak 
output. In a weak tube, lack of sufficient Hlament emission 
can cause distortion on the peaks of amplification because 
of its inability to pass sufficient current. While voltage 
measurements will determine whether the grid and plate 
voltages are correct, it is usually necessary to use an 
oscilloscope to observe the waveform and determine the 
cause of the distortion. An oscilloscope and a sine-wave 
generator should be used to follow the signal path through 
the circuit; observing where the waveform departs from norma! 
will indicate the defective portion of the circuit. When the 
observed waveform exhibits a flatening of the negative 
peak, the current should be checked for abnormal conditions, 
such as insufficient grid bias, overdrive, and a leaky coup- 
ling capacitor. Similarly, excessive bias or grid current 
flaw is evidenced by an oscilloscope waveform pattern 
with a flattening of the positive peaks. Overloading the 
amplifier will also produce these same effects; in this case 
the waveform will show both clipping of the positive and 
neqative peaks, 

Oscilloscope waveforms are a valuable aid in failure 
analysis when poor frequency response is suspected as 
the cause of distortion. For example, when a waveform 
which is supposedly a sine wave shows a characteristic 
“rounded” effect on the positive peak, this is a clear in- 
dication of poor low-frequency response of the transformer. 
In making more precise measurements, a square-wave 
generator may be used. With a square-wave signal applied, 


CHANGE | 


0967-000-0120 AMPLIFIERS 
a sloping leading edge indicates a lack of high-frequency 
response, while a sloping flat top indicates a lack of low- 
frequency response. Since a square wave is made up of 
many sine-wave frequencies, the application of a 2000 to 
3000-cycle square wave will indicate the relative harmonic 
response over a range up to 5 to 10 times this frequency. 

Hum distortion can be observed directly on an oscil- 
loscope. When it is on the power supply leads, it indicates 
a lack of sufficient power supply filtering. If it is not on 
the power leads, but is evident on the grid, plate, or cathode 
leads, check for induced hum due to the nearness of a-c 
leads in the wiring. Poorly shielded and inpropetly ground- 
ed transformers may also be the cause. 


SINGLE-ENDED, R-C-COUPLED TRIODE 
AUDIO POWER AMPLIFIER. 


APPLICATION. 

The use of the single-ended, R-C-coupled triode audio 
power amplifier is limited to those applications where rela- 
tively small amounts {less than 5 watts) of qudio power are 
required. Such as an audio output stage with a loudspeaker 
load. 


CHARACTERISTICS. 
Power gain is relatively low (usually not more than 5). 
Plate efficiency is low (on the order of 25 percent). 
Power sensitivity is low for triode power amplifiers oper- 
ating under Class A conditions (power sensitivity is the 
ratio of output power in milliwatts to the square of the rms 
grid voltage which produces it). : 
Distortion is relatively low (5 percent maximum). nt 
Operates Class A at all times; no grid current flows under A 
normal conditions. ‘} 
Cathode bias (self-bias) is usually used, but fixed bias 
may be used if desired. 
Frequency response is relatively uniform over a range of 
200 to 10,006 cps. 


CIRCUIT ANALY SIS. 

General. The primary function of a power amplifier is to 
deliver sufficient power to a circuit load; any increase of 
voltage is of secondary importance. In fact, the veltege 
amplifier uses tne same circuit as the power ainplifier, The 
main difference in the two circuits is that the power ampli- 
fier is usually the last stage (the output stage), In some 
instances a power driver may be employed, for example, to 
supply the driver power for the grids of a Class & high-power 
modulator. However, this is a special application in which 
the full output of the stage is usually not used. Since the 
opjective is to obtain as much power output as possible, 
with as low a plate voltage as practicable, tubes with a low 
plate resistance are employed. As a consequence, these 
tubes are of the low-mu type rather than the high-mu type 
used in veltage amplifiers. {They are also larger in size, 
having plates capable of full dissipation of the d-c power 
involved, use higher plate voltage and current, and are 
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generally more rugged than tubes used as voltage amplifiers.) 


Because of the low mu, a large grid excitation voltage is 
usually necessary to drive the power amplifier, Therefore, 
a voltage driver stage is usually associated with the power 

mplifier. Consequently, at least three stages are neces- 
sary to provide audio power output when wiodes are used, 
namely, a high-gain input stage, a driver ampl. 
output stage. When only one tube is employed in the oneal 
stage, it is scid te pe single-ended. When two tubes are 
used, they are connected either in push-pull, in push-push, 
or in parcllel. Where power output is considered pore in- 
portant than the distortion products, the parailel connection 
1s aenerally used to povide about three fourths the rated 


bower ui two lubes. Dour full output and the leawt aisturtion, 


the push-pull connection is used (see the discussion of push- 
pull Audio Power Amplitiers later in tais section), Aithough 
neiedes will produce mote output than triodes, no further 
Mosuon ab anen hdl ive made dad cuit discussio 
they cre teated separately (s ussion of Single 
Ended, R-C-Coupled Pentode Audio Power Amplifier later 

in this section.) 

Operation under Class A conditions with lack of grid 
current and an effectively high-impedance R-C-coupled input 
eliminates any possibill ty of grid losses. This however, 
does not mean that the effect of the loading of the input cir- 
cuit on the cutput of the preceding (driver) stage may be 
neglected. Thus, the power-amplifier grid input circuit con- 
stants determine to a large extent the total amount of undis- 
tarted voltage drive available. 

The large a-c {audio} power output d 
single-ended circuit is actually obtained from the d-c plate 
supply vy converting the d-c power ‘tc a-c power through tube 
ecuon. Maximum undistasted power output is normally 
obtained when the load resistance is equal to twice the 
plate resistance of the tube. If the load resistance is made 
higher than this opumum value, a reduced output will be 
obtained; however, the distortion will also be greatly re- 
duced. Asa result, in those cases where sufficient Bower, 
ouipui is available, it will be observed that the load resist- 

nce is more thantwice the tube plate resistance. For each 
tube type and given set of circuit conditions, the same set 
uf Uperuting iules dues note arily apply. Therefore, 
the creceding discussion is broadly applicable only, end 
varies consiaerably with design. it 1s of interest 10 note 
present in the single-ended stage consis 
iy of seit harmonic signal. While other harmonics 
oO present, they are of much lower ¢ tudes anc 
are normally chy Output ratings are generally com- 


moximum power gutput obtained whe 


nm the 


The gees 


Undenurmonic astern aces nut exceed S percent. Thus, 
ho stage may be operated st lower power outputs with 

less distortion. 

This 18 usugily wnat 1s done with so-caed “hi-li’ (nigh- 

fidelity) amplifier systems. For example, a Z5-wats output 

coparality iS supplied to provide only 2 or 3 watts for nermai 
ead of being 5 percent or more, the distor- 

teauced to less tnan i vercent. To obtair a 


axitt 


{have & property 
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matched load. Thetis, the ousput load (usually a loud- 
speaker) must equal (match) the desired plate load im- 
pedance. In this case, the output transformer serves as an 
impedance-matching as well as a coupling device, and must 
be capable of handling the full input power constantly. 
Since a speaker cutput load offers a different impedance to 
different audio frequencies, it is customary to consider it as 
offering a purely resistive load, and to assume that it has no 
reactive components which may be sensitive to various 
frequencies. Design 1s accomplisned under these ideal con- 
ditions; however, practical operation is not quite the same. 
An explanation of loading and matching effects is given in 
the following discussion of circuit operation. 

cuit Operation, A typical singieended audio cower 
ifier 1s illustrated in the accompanying tigure, The 
varying input signal is capacitively coupled through capac- 
itor Cl to the grid of triode Vi. Capacitor C1 and resistor 


Typical Single-Ended Triode Audio Power Amplifier 


Ii form @ high-impedance input coupling network. The in- 
put voltage is impressed across reststor R] and is applied 
to the arid of tube ak The reactance of capacitor C] to 

the a-c input signal is very small; therefore, the altemating 
ingut signal voltage is passed on to the grid with little or no 
attenuation soyst the uudio-frequel Resistor RZ end 
capaciter (2 make up the cathede-nias circuit. (Refer to 


Section 2, Paragraph 2.2.) of this Handbook for a detailed 
aiscussicn of culhade bias.) 


the varying voltage applied ro the grid af tube V1 causes 
tien instantaneous piate current {ip) to vary through # the tube 
ans trough the plareioad impedance (primary of transformer 
Th). The changing current (1p) tnrougn the Beinuary of TI 


eae voltage drop fap) arross the transformer 
primary, ond cousus on induce! velaje (exec) tc appear in 
the transformer secondary. This voltage (esec) causes cur 
rent to flow in the load circuit. Thus, the transtormer forms 
ah outpui Coupling network. tis important to reslize that 
the SECOSIO: mer aateeys into tts Pp ae piceelh irate 


flisaaeae Aare Ghote 


ondary. itis 
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number of turns in the primary, which governs the reflected 
impedance. 

The current which flows in the transformer second- 
dary will be lorger than the primary current by the turns 
ratio. For example, in on output transformer which em- 
ploys a step-down ratio of 40:1, the secondary current will 
be 40 times the primary current. The secondary voltage, 
however, will be only 1/40th of the primary voltage. As- 
suming that a primary voltage of 400 volts is generated, the 
secondary voltage will be only 10 volts. The power trans- 
ferred will, in the case of an ideal and lossless transformer, 
be the same in both secondary and primary. For example, 
assuming a primary current of 20 ma, the secondary current 
will be 800 ma. Since power equals E x I, the primary power 
will be 400 x .02, or 8 watts, and the secondary power will be 
0.8 x 10 volts, or 8 watts also. Assume a loudspeaker 
load of 4 ohms; since I?R equals power, a total of 0.64 x 4, 
or 2.56 watts, will be transferred to the speaker voice coil. 
With 8 watts in the primary, this represents about 32 percent 
efficiency. In a practical transformer, inherent losses will 
reduce this figure closer to the previously specified nominal 
value of 25 percent. 

As far as the circuit action is concerned, the power 
amplifier operates in a manner identical with that of the 
Transformer Coupled Triode Audio Voltage Amplifier discus- 
sed previously in this section. When a positive signal 
appears at the grid of V1, the plate circuit develops a nega- 
tive -going output. When this output is coupled from the 
primary to the secondary it will also be negative if so 
phased. When the secondary winding is connected in phase, 
the output will be positive for a positive input and negative 
for a negative input. Otherwise, the primary and secondary 
ate always out of phase. The ability to connect the sec- 
ondary for the desired phase is one af the advantages of 
transformer coupling. 

To obtain maximum undistorted power output it is neces- 
sary to properly match theload to the tube. Here again the 
transformer offers a convenient matching method by choice of 
the proper turns ratio between the primary and the secondary. 
When used for impedance matching, the impedance ratio of 
primary to secondary varies as the square of the turns 
Tatio rather than directly, or, stated mathematically: Np/Ns 
= Zp/Zs, or Reri = (Np/Ns)* Rsec. Thus, assuming a 40:1 
turns ratio, a 1600-to-] impedance transformation is obtained. 
With a 4-ohm speaker and a step-up ratio of 40:1 (secondary 
to primary}, the reflected load produced in the primary is 4 
x 1600, or 6400 ohms. Such an impedance would be satis- 
factory as a load for a 3200-ohm plate resistance stage (the 
load is twice Rp). 

The example of impedance matching given above again 
illustrates the primary difference between the voltage am- 
plifier and the power amplifier. While the impedance ratio 
is step-up for the load, it is step-down as far as primary to 
secondary is concerned. Therefore, only a low-voltage can 
be obtained, but maximum power output with a minimum of 
distortion is supplied to the speaker. In the event that the 
amplitude of the grid voltage is held constant, maximum out- 
put can be obtained when the load is equal to the tube 
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plate resistace; however, such operation in audie amplifiers 
is encountered only in special cases, usually where only 
one frequency rather thon a range of frequencies is to be 
amplified. 

The accompanying figure graphicaliy illustrates 
typical triode plate current and plate voltage charac- 
teristics with an assumed load line, from which both 
power output and harmonic distortion may be determined. 
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Graphic Determination of Power Output ond Distortion 


Note first that since the Ip-Ep characteristics are not 
straight lines and are not equidistant, the current and volt- 
age swings will be unequal, and some distortion will exist. 
The load line RL is drawn equal to the desired load resist- 
ance, and the static bias fixes operation at the intersection 
of the Ib and Eb lines, where the grid bias is -20 volts. 
Thus, in the ideal construction, equal positive and negative 
swings would occur, driving the bias to 0 and to -40 volts, 
tespectively. The resulting plate current and plate voltage 
swings represented by Imax and Imin then determine the 
powef output. Neglecting the second-harmonic distortion 
for the ptesent, it can be shown that Po = 1/8 (Emax - Emin) 
(Imax - Imin). 

The illustration shows that with lower load resistance 
(indicated by line RL’) the voltage swings will be smaller 
and the current swings will be larger than for RL, and will 
be unequal; theretore, the power output will be less and the 
current continuously increases (since the effective grid 
then higher plate and bias voltages are needed. In this 
case, as shown by load line RL”’, the plate voltage swings 
are greater but the current swings are less; thus, the power 
output is lower, while the distortion is less, since the 
swings are more nearly equal. For a given tube and plate 
supply voltage, the desired solution is obtained by adjusting 
the grid bias. With the proper adjustment, the positive sig- 
nal peak just takes the total grid voltage to zero, and the 
negative signal peak just makes the grid sufficiently nega- 
tive to reduce Ip to its minimum allowable value (without 
operating on the curved lower portion of the tube character- 
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istics.) The accompanying graph shows the variation of 
power output and distortion with respect to the ratio of the 
output resistance and the plate resistance for a triode. It is 
obvious power is obtained when RL = 2 Re. 
On the other hand, if a value of 4 Rp is used, the power 
drovs only 25 percent, but the distortion drops from 7 per~ 


cent to only 2 percent, which is negligible. 
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Power Output, Distortion and Load 
Resistance Relationships 


Jt also can be shown mathematically that RL = Emax - 
Emin/ Imax —Imin. This is a simple Ohm's law relationship, 
which, by substitution in the proper formulas, becomes: 
RL = 2tp 
The amount of distortion present is determined trom the 
maximum and minimum plate currents, and is illustrated in 
the following figure 


HARMONIC (10%) 
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CHARACTERISTIC 
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Development of Harmonic Distortion 
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In this figure a triode Ip ~ Ep characteristic is shown; with 
sinewave voltage eg impressed on the grid, the resultant 
plate current is represented by Ip. Since the maximum and 
minimum amplitudes are unequal (the curvature of the charac- 
teristic causes partial rectification to take place}, the aver- 
age value cf Ib rises to 1b’ when the signal voltage 1s ap- 
plied to the grid. This increase in average current is equal 
to the amplitude of Ib’, shown by b in the figure. The funda- 
mental component is a= 1/2 (Imax - Imin), while the second 
harmonic component is b = 1/2 (Imax + Imin)-Ib/2; the 
percentage of second harmonic distortion is equal to 
100b/o. The rise in average plate current with distortion 
shows as a fluctuating plate current, with the plate meter 
iqtes in intensity. 


whaling ag the 
wiggling 


Assuming that the cutott voltage ot the grid is Eb/p, ne 
maximum power output of a triode under Class A operating 
conditions can be estimated roughly in terms of its plate 


supply voltage and pta 


Po = Eb?/ tp 
It is evident from the formula, then, that for moderate plate 
voltages the internal resistance of the triode must be small 
to obtain relatively large power outputs. 


FAILURE ANALYSIS. 

General. Since the circuit of the single-ended power 
amplifier is identical with that of the triode trans former- 
coupled amplifier, the failure analysis listed for the Trans- 
former-Coupled Triode Audio Voltage Amplifier, previously 
discussed in this section, is generally applicable. 

The power amplifier ordinarily operates at higher volt- 
age and current than the voltage amplifier. Therefore, 
visual evidence in the case of flushovers and short circuits 
is usually more apparent. Excessive heating of a component 
usually indicates as incipient failure, since prolonged heat- 
ing accelerates the aging process. Lack of proper bias is 
usuaily indicated by increased plate dissipation, Tube 
plates showing signs of color indicate excessive loading or 
current drain. Since the tube is generally working at full 
capability, lack of sufficient emission can usually be ob- 
served by a reduction of output, together with distortion. 
When trouble-shooting the t, it is important to be cer- 
tain that the proper load is connected at the output, other- 
wise, the tube may appear fo be operating normally but be 
incapable ot the proper output. To check for proper operc 


rator to 


amplifier input. Use an oscilloscope to check the wiavater 
from input to output; ony distortion will be immediately 
Use a vacuum-tube voltmeter to measure the 

it voltage, and substitute a resistor equal in 
value & the proper load impedance at the cutput. 
voltage measured across this resistive load will, by use ot 
Ohms! law, indicate the power output { Po = £*/A). 


apparent. 
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SINGLE-ENDED, R-C COUPLED PENTODE AUDIO 
POWER AMPLIFIER. 


APPLICATION. 

The single-ended, R-C-coupled pentode power amplifier 
is used in applications where a relatively large audio power 
output is desired from a small input voltage, and where 
some distortion can be tolerated. 


CHARACTERISTICS. 


Input impedance is high, usually greater than 0.1 megohm. 


Uses an output tronsformer to match the load to the 
output device. 

Power sensitivity (ratio of output power to grid voltage 
producing it) is relatively high. 

Power gain is high, on the order of 8 to 20. 

Distortion is normally higher than that of the triode 
(always more than 5 percent and generally on the order of 
7 to 10 percent) unless special design considerations or 
negative feedback is used. 

Operates Class A at all times; no grid current flows 
under normal conditions. 

Cathode bias is usually used, but fixed bias may be 
used in some applications. 

Frequency response is relatively uniform and linear 
over a range of 200 to 10,000 cps without requiring any 
special design considerations or compensation. 


CIRCUIT ANALYSIS. 

General. While the single-ended triode audio amplifier 
is characterized by low power sensitivity, low plate effici- 
ency, and low distortion, the pentode counterpart is just the 
opposite; it is characterized by high power sensitivity, high 
plate efficiency, and high distortion. Because of its basic 
ally higher distortion, the pentode power amplifier requires 
more attention to design. Fortunately, however, the in- 
crease in power obtainable with the pentode permits the use 
of various feedback methods, and what essentially amounts 
to mismatching to attain power outputs equivalent to ot 
greater than the triode with the same distortion. Usually the 
use of a pentade output stage eliminates the necessity of a 
driver stage, since the pentode can be adequately driven by 
small signals. 

The screen element in the pentode requires a d-c source 
of power, which does not contribute materially to 
the output directly and represents an additional constant 
loss of power (as compared with a triode). Because the 
Ip-Ep characteristics are parallel, the amount of second- 
harmonic distortion is very low, and third-harmonic dis+ 
tortion predominates. Consequently, push-pull operation 
will not materially help in reducing the distortion. On the 
other hand, when the load is designed so as to produce 
more second-harmonic distortion, the use of push-pull 
operation provides cancellation of this component, and the 
third-harmonic component is also reduced by the load 
mismatching. See the discussion of Push-Pull Audio Power 
Amplifiers later in this section for further details on push- 
pull operation. 
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As contrasted with the triode, instead of having a load 
with twice the plate resistance, the pentode uses a load 
with only 1/5 to 1/10 the plate resistance. Such mis- 
matching is necessary because of the extremely high plate 
tesistance inherent in the pentode. 

This discussion also applies generally to tetrodes and 
beam power tubes, except that the second-harmonic dis- 
tortion of these tubes is greater, more like that of the 
triode. However, like the pentode, they do have a higher 
plate resistance and greater over-all distortion, which 
tequires negative feedback or other compensation to provide 
an acceptable output. 

Circuit Operation, The schematic of typical single 
ended pentode power amplifier is shown in the accompanying 
figure. The circuit load is a loudspeaker. The varying 
audio input signal is applied to the grid of pentode V1, 
through coupling capacitor Cl. Capacitor Cl and resistor 
R1] make up the input coupling network, and the input signal 


Typical Single-Ended Pentode 
Audio Power Amplifier 


is impressed across resistor Rl. The reactance of capacitor 
C1 to the oc signal is very small; therefore, the alternating 
signal voltage is readily passed on to the grid without ex- 
cessive attenuation. The bias circuit consists of cathode 
resistor RZ and capacitor C2. (See Section 2, Paragraph 
2.2.1 of this Handbook for a discussion of cathode biasing.) 
As is evident from the schematic, the cathode and the 
suppressor gtid are maintained at the same voltage level, 
being connected together intemally or at the socket (depend- 
ing upon the type of tube used). The varying input voltage 
applied to the grid of pentode V1 causes the instantaneous 
plate current (ip) to vary similarly through the tube and 
through the plote-load impedance (primary of transformer T1). 
Capacitor C3 bypasses the screen to ground to prevent the 
signal voltage from changing the screen voltage at on 

audio frequency rate. Capacitor C3 is chosen to present a 
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minimum of reactance to the signal voltage; thus, the 
screen-grid voltage is maintained at a relatively constant d-c 
level. The positive screen-grid voltage is obtained from 

the plate supply through voltage-dropping resistor R3 to 
avoid the necessity of providing a separate screen-grid 

fin) through the 


drop (ep) across 


power supoly. The ch 
primary of Tl produces 
the transformer primary, and also causes on induced volt- 
age (esec) to appear in the transformer secondary. 
Voltage (esec) causes current (isec) to flow in the load (output) 
circuit. Thus, the transformer secondary forms an output 
coupling network. 

As far as specific circuit action is concemed, the opera 
tion is identical with that of the Transfermer-Coupled 
Audio Voltage Amplifier Circuit and the SingleEnded Triode 
Audio Power Amplifier Circuits discussed previcusly. 
When a positive signal is applied to the grid of V1, a 
negative-going signal is developed in the plate circuit, and 
coupled from the primary to the secondary of Tl as a 
negative-going output signal if Tl is connected in-phase. 
When a negative signal is applied to the grid, a positive 
going amplified signal is developed in the plate circuit, 
thus inducing a voltage in the secondary of Tl. When 
connected in-phase, the secondary output is positive for a 
positive input signal and negative for a negative input. 
Otherwise, the primary and secondary voltages and currents 
ate always out-ofsphase. 

To obtain maximum undistorted output, it is necessary 
to properly match the load to the tube, The transformer 
offers a convenient method of accomplishing load matching 
since the impedance ratio of primary to secondary varies as 
the square of the turns ratio, ratner than directly, Stated 
mathematically, Zpri = (Np/Ns)* Zsec, Thus, with 0 trans- 
former having a 50:1 tums ratio and a 4-ohm loudspeaker 
load, the primary would reflect a load of 2500 times the 
the secondary impedance, or 10,000 ohms. Such a load is 
suitable for matching pentodes having a plate resistance 
of 50,000 tc 100,000 chms, with the least distortion being 
obtained from the higher-plate-resistance tubes. The manner 
in which the output power varies with the ratio of the load 
and plate resistance of a typical pentode, together with the 
amounts ot distortion produced, 1s graphically illustrated 
in the following figure. 

The lorge amount of second-harmonic distortion at high 


load iaitedances shown in the graph occurs be: 
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Typical Power Output and Harmonic 
Distortion Relationships 


the crowding together of the typical pentode plate character- 
istics at low plate voltages. This causes a greater ip 
change during the negative peak than during the positive 
peak of the output waveform, thus tending to flatten the 
positive peak. During the interval over which the negative 
and positive swings are equal, practically no second- 
harmonic distortion occurs. The large amount of second- 
harmonic distortion with low load impedance is caused by 
the unequal spacing of the plate characteristics at low 
plate currents, which tends to flatten the ngeative peak of 
the alternating plate current. Because the load for maximum 
power output is different from the load tor minimum distor- 
tion, the choice of the load is a compromise between the 
omount of power output desired and total distortion that 

can be tolerated. The load i 
preduce minimum second-harmonic distortion. While it is 
possible with some tubes and designs that optimum power 


this is 


usually chosen 30 as te 


im distorting 
m distortion, 
the except rather than the rule, Because of the extreme 

variations between tube types, simple cesign formuias like 


Gulpul may occur at the point of m 


u used [or the 9@ ATE Hot Optaines) wiecehore, Mass 
ign must he determined qarapmicaily. 
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Typical Pentode Ip-Ep Characteristics ond 
Load Line 


Examination of the plate characteristics reveals that for 
equal grid swings, equal plate current swings are produced 
with the 7000-ohm load line. It can easily be seen that if 
the load line were drawn with less slope (for example, an 
increased load resistance of 9000 ohms, shown by dotted 
load line), I‘max would be less than Imax, and if the load 
were increased further the maximum current would change 
greatly while the minimum would remain practically the 
same. As a result, second-harmonic distortion would be 
increased. It is important with pentodes, therefore, to 
prevent the load from increasing with frequency, as normally 
happens when a loudspeakeris the load. To minimize this 
increase in distortion at the higher audio frequencies, a 
capacitor connected in series with a resistor is used in 
shunt with the transformer primary (in some cases it is in 
the form of a tone control, and in other cases only a shunt- 
ing capacitor is used). The variation of the effective loud- 
speaker impedance with frequency when the RC network is 
not used is shown by the solid curve (a) in the following 
graph, and the variationwhen the RC network is used 
is shown by the dashed curve (b). Because of the high 
plate resistance of the pentode, the effective resistance 
shunting the loudspeaker is less than that for a triode. 
This reduction of damping on the speaker sometimes causes 
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objectionable '’booming’’ because of resonances which 
otherwise would be subdued (damped out). It is also of 
interest to note that the screen grid of a power pentode is 
not as effective (as compared with a voltage pentode) in 
shielding the control grid from the plate. As a result, the 
plate-to-grid capacitance is larger than in the voltage 
pentode. In addition, because the control-grid connection 
is made through the base rather than through a tube cap, 

the grid-to-cathode capacitance is also larger. Therefore, 
the total effective input capacitance of the power pentode 
may sometimes be considerably larger than that of the power 
triode. The result is to produce greater frequency distortion 
in the preceding amplifier stage. Because of these facts, 
the over-all distortion is so large that negative feedback 

is practically mandatory to keep the distortion within 
acceptable limits 1f the full power output of the pentode is 
is required. 

While it is possible to eliminate the cathode bypass 
copacitor (C2 in the schematic) and thus obtain degeneration 
to help reduce the distortion, It is usually easier to use 
negative feedback. Because of the high gain in the pentode, 
a larger cathode bypass capacitor is required than in a tri- 
ode amplifier. 

Although the load line as discussed above was con- 
sidered to be a straight line for convenience, in actual 
operation the dynamic load line is not straight, but varies 
in accordance with the reactive component of load imped- 
ance in the circuit. The result is to shift the operating 
point slightly about the bias value assumed for the ideal 
condition, particularly when self-bias is used. With proper 
design this is of no consequence, since the circuit is 
artanged to produce equal shifts for the positive and nego- 
tive gtid swings. If unequal shifts ore permitted to occur, 
however, the effect is to obtain performance entirely 
different from the assumed values of plate current, volt- 
age, bias and, grid drive, with greater distortion and phase 
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shift. Thus, the gain, output, and response characteristics 
may sometimes be entirely different from those which are 
assumed or calculated. 


FAILURE ANALYSIS. 
No Output. A no-output condition is normally caused 


by the lack of an input signal, an open-cir 


lack of plate or filament voltage, a short-circuited Bocdivions 
or a defective tube. The presence of an input signal can 

be determined by checking the input with an oscilloscope 

or vacuum-tube voltmeter. An open-circuited condition can 
be localized to the defective portion of the circuit by 
making voltage measurements to determine whether the 


Mlameni, cuinode, ytid, plate, and soi 
present and are normal. 

An open cathode circuit will cause a no-output condition. 
With gn open input circuit (Cl or Rl open, the high gain 
nigh impedance of the pentode 
output; however, for al! practical Siroesee the output will 
be so low that it can be considered nonexistent. 

If the screen shows color and the plates does not, it 
usually indicates that the screen is attempting to act as 
the plate because uf an open plate circuit. In this case 
the plate voltage will be zero. 

An open screen resistor, R3, or shorted screen bypass 
capacitor, C3, will also cause o no-output condition. In 
either case no voltage will appear on the screen of the tube. 
An open screen resistor will be cool. With a short-circuited 
bypass capacitor, since the screen resistor will he droppin 
the full voltage from the plate supply to ground, it wil 
abnormally hot and probably will eventually bum out; a 
visual inspection will normaliy show discoloration or even 
smoke in this instance. 

With an input signal present and normal tube voltages, 
either the tube is defective or the transformer secondary 
is open. Replace the tube with one known to be good, and 
check the secondary for continuity with an ohmmeter. 

Reduced or Unstable Output. Reduced output is usually 
caused by improper bias, or low plate or screen voltages. 
Unstable output is usually caused by oscillation, or by 
intermittent functioning of circuit CCMPOOENS An fest 
cathode bypass capacitor, C2, will permit sufficient de 
generation to reduce the output “appreciably, as will an 
Open screen Pypass capacitor, C3. It the bias is excessive 


if cathode bic 


age: 


rased in valuc, the 


gutput will also be reduced, depending upon the amount ot 


tance increases in value or hy- 


thus reduce the Gutput by reducing the maximum 
if cted load impedance is too high, the ontput wil 
alse be reduced. A shorted input coupling capacitor, Cl 
can place the plate voltage of the preceding stage on the 
grid of V1, cause increased plate and screen current, in- 
crease the cathode bias, and reduce the output, (in some 
cases it can cause complete cutoff.) 

Wath ali #o/teges normal, the trouble i is most lixely in 


femission will cause g loss of 
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output, particularly on the signal peaks wher. more elec- 
trons are needed to increase the plate current. 

Unstable output con result from intermittently open or 
shorted components, and can usually be located by using an 
oscilloscope to follow the waveform through the circuit. 
Oscillation can also cause erratic response. If it occurs 
at tadio frequencies, it will show on the oscilloscope as a 
fuzzy pattem; if the feedback is at an audio frequency, it 
will be observedas a separate audio frequency. Oscillation 
will also show in the output as a howl or squeal, or as a 
very low-frequency ‘‘put-put!’ (motorboating). Howl or 
squeal is usually caused by undesired coupling between the 
plate ant gtid circuits. Motorbosting is usually caused by 
poly or B+ leade), nor 


ientealy where electrolytic capacitors are used; electrolytic 
capacitors tend to ery out with age and luse their cap- 
acitance. 


or lead matehe 


Distorted Output. 
ing is a common conse of distortion. Check for proper plate 
and grid voltages. Lack of sufficient emission in the 
electron tube will also cause distortion on the signal peaks. 
Where the voltages are normal and the load is correct, the 
tube is probably at fault; it should be replaced with a tube 
knawn to be good. Use an oscilloscope and audio signal 
generator to follow the waveform through the circuit. 
Flattening of both the positive and negative signal peaks 
indicates overdrive (too large an input signal), Flattening 
of thenegative peaks indicates excessive bias or low plate 
voltage: this einpiom can also be caused by low screen 
voltage. 00 low a bias of toc high ¢ screen voltage is 
usually indicated by flattening of the pesitive peaks. Check 
the frequency response characteristics. Rounded-off pecks 
on sine waves or sloping sides or tops on square woves 
indicates loss of low- and high-frequency response. A 
2000- to 3000-cps square wave applied to the input wil! 
provide a signal which can indicate the relauve harmonic 
response over a range of 5 to 10 times this frequency (the 
squate wave is composed of many sine-wave frequencies). 

Hum distortio oscillo. 
scope. When hum is present on the cower leads, lack of 
sufficient PEM EESAERLY filrering is indicated. Lf it is nut 
on the power leads, but is « 
cathode leads, check for induced hum die to 
a-c leads in the wun Adaitionsi 


can be observed directly o: 


nlate ar 
Puate, oF 


y the neamess of 


bin emstoier is proses 


ing is adequate. 


“AMPLIFIER. 
APPLICATION. 


The push-pull audio power amplifier is ustd whe 
large amounts 3: undistorted a audio power ate require: 
This cult 'S commonly empioyed in Tecél vert Out) stajes, 


in hi-fi and public address systems, and in AM modulctors, 


cL 
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CHARACTERISTICS. 

Power gain is moderately high, on the order of 4 to 10. 

Requires twice the drive of a single tube. 

Power output is more than twice that of a single tube 
(about 2-1/2 times). 

Second and higher even-order harmonic distortion is 
cancelled out in theplate circuit. 

Distortion varies with the class of operation; it is min- 
imum for Class A operation, ond greatest for Class B opera- 
tion. 

Plate efficiency varies with the class of amplifier; it 
is lowest for Class A operation, highest for Class B opera- 
tion, and intermediate between the two for Class AB opera- 
tion. 

Cathode (self) bias is normally used for Class A or AB 
operation, but fixed bias is usually used for Class B opera 
tion. (Specially designed Class B tubes requiring no bias 
are sometimes used.) 

Cathode bypass capacitor is usually omitted in Class A 
stages, but is included in Class AB stages. 


CIRCUIT ANALYSIS. 

General. In push-pull operation, the plate current of 
one tube is increased, while that of the other tube is simul- 
taneously decreased, andvice versa. As originally con- 
ceived, one tube was considered to be pushed while the 
other tube was pulled; hence the term push-pull. While 
this is true of Class A or Class AB operation, it is not 
strictly true of Class B operation. Class B amplifiers 
utilize the push-pull circuit; however, one tube effectively 
amplifies only the positive portion of the input signal, 
while the other tube amplifies only the negative portion. 
This occurs because only one tube conducts at a time, 
while the other tube is cut off. Push-pull stages require 
twice the grid drive of single-ended stages; however, each 
tube may be driven to its full capability, and usually more 
than twice the output possible with a single-ended stage is 
supplied. Distortion is reduced because the even-order 
harmonics are concelled out. For triodes, this provides a 
maximum reduction of distortion. For pentodes, since the 
second-harmonic distortion is small or negligible, only o 
slight reduction in distortion is obtained. However, with 
special design in which the pentodes are loaded so that they 
produce more than normal second-harmonic content, a re- 
duction in both second- and third-harmonic distortion is 
achieved. With the beam-power tube, distortion is also 
teduced since this tubehas a larget second-harmonic con- 
tent than the pentode, although not as great as the triode. 

Since in a balanced push-pull amplifier the plate currents 
are equal and opposite d-c saturation effects on the core ore 
eliminated; this permits more efficient transformer design, 
together with a reduction in both amplitude and frequency 
distortion. Actually, only 40 percent more tums in the pri- 
mary (as compared with single-ended stages) are needed to 
handle two tubes in push-pull. Thus, the transformer 
design is economical. With a balanced input and output, 
any hum present in either the input or in the output tends 
to cancel out. This, together with the reduction in harmonic 
distortion, provides better audio quality. 
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With triodes, usually Class A or Class AB operation is 
employed, and the drive is such that no grid current is 
drawn. With pentode or beam-power tubes, usually Class 
B operation is used, and some grid current is drawn. Asa 
tesult, Class B stages usually require power driver stages, 
while Class A or AB stages require only voltage driver 
stages. 

Circuit Operation. A typical push-pull circuit using a 
minimum of components is shown in the accompanying 
figure. For ease ofexplanation, fixed bias is assumed. 


Typical Triode Push-Pull Audio Power Amplifier 


{For a discussion of circuit biasing methods, refer to Section 
2, paragraph 2.2 of this Handbook.) The circuit load is a 
loudspeaker. 

It is evident from the schematic that the gridsof V1 and 
V2 are biased equally negative with respect to the respec- 
tive cathodes. With no input signal applied to Tl, the tubes 
test in their quiescent (static) state, amd equal but opposite 
d-c currents flow in the two halves of the primary of T2. 

The steady flow of d-c current does not induce a voltage 

in the secondary of T2, since the current in each half of 

the primary is equal and opposite in direction, and the mag- 
netic flux around the primary cancels. Thus the core is 

not subjected to a continuous magnetizing force. Con- 
sequently, the possibility of d-c core saturation is minimized 
(for a specific core, any d-c induced flux adds to the ac 
induced flux produced by a signal, and thus limits the 

total amount of flux that con be carried through the iran 
without saturating), As a direct result, a higher primary 
inductance is obtained with the same number of turns. On 
the other hand, when saturation occurs the inductance is 
reduced just as if the core size were reduced, and this 
changes the load impedance and creates distortion. The 
reduction in saturation effects is an inherent advantage of 
the push-pull circuit . When an input signal is applied to the 
primary of transformer Tl, equal but opposite voltages ore 
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induced in the secondary (the schematic shows the in- 
stantaneous polarities for one half-cycle of operation; 
during the other half-cycle they are oppositely polarized). 
Therefore, when the plate end of T1 is positive the gride of 
V1 is driven positive, while the grid of V2 is driven negative 
(assuming that Tl is connected in-phase} . The altemating 
drive voltages, eg, and eg,, are equal and are connected 

in series with bias voltage Ecc. Assume for the moment 
that the drive voltages are just equal to the bias. Itis 
evident, since they are of opposite polarity, that V1 will 
conduct heavily (the bias is reduced to zero), and V2 will 
be biased twice normal, or to zero plate current. The heavy 
current flow through the primary of T2 to the plate of V1 
produces a maximum voltage drop across the load, reducing 
the plate voltage of V1 to its minimum value. The flux 
produced by the flow of a-c plate current through T2 induces 
a voltage in the secondary in accordance with the turns ratio 
of the transformer (the relationship of transformer tums 
ratio, impedance, and power output will be discussed in 
more detail in a following paragraph). The secondary of 

T2 is assumed to be connected out-of-phase with the pri- 
mary, so that the polarity of the output for the half-cycle 
discussed above is positive, as shown in the schematic 
waveforms. 

When the plate current of V1 decreases (on the other 
half of the cycle), the plate current of V2 increases. The 
altemating currents in the primary of T2 are in phase while 
the dc currents and their resulting voltage drops are 
result is that the magnetomctive force 
produced by the two halves of the primary is zero with no 
signal impressed. With an input signal applied, the plate 
current of the two tubesis equal to a current equivalent to 
the difference in the current flowing in tube V1 and tube 
V2, both flowing through one half of the primary winding. 
For example, assume a quiescent current of 30 milliamperes 
and a drive signal that couses one tube to increase 10 
milliamperes instantaneously. Since the grid swings are 
equal and opposite, the plete current of the other tube is 
reduced. For ease of discussion also assume that the tube 
charactdristic Eq-Ip curves ore exactly identical {in practice 
they are slightly different). Then, the reduction of plate 
current in the second tube will be exactly 30 mnus i0, 
or 20 milliamperes. With an upward swing of 10 ma to 40 
40 ma, the difference in current between the two tubes is 
46 minus 20, or a total Ip of 20 ma, which is exactly doubl 

Uiat of one tube. With a unity tums ratio between each 
half of the primary und the secondary, equal o-f voltages 
are induced in the output. Since they occur simultaneously 
and are in-phase, they are effectively seties-connected 
and the output voltageis doubled. The same effect would 
be produced by the difference current (20 ma) flowing 
through one-half of the primary. Consequently, the dynamic 
characteristic for two tubes operating in push-pull is 
constructed by subtracting the currents through the two 
tubes in order to approximate the effect of the transformer. 
The accompanying dynamic characteristic curve illustrates 
Class A operation. The dotted curve labeled V1 represents 
the dynamic characteristic uf one tuber while the & dotted 
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the other. Both of these characteristics are assumed to be 
identical. Although the dynamic characteristics of the in- 
dividual tubes are curved, the resultant push-pull character- 
istic is straight. As is evident from the ‘igure, the dynamic 
characteristic for Class A push-pull operation is extended 
over that for a single tube, and is even more linear. Thus, 
greater grid-signal, plate-current, or plate-voltage swings 
ate possible without any noticeable increase in distortion. 
With o greater swing, greater power output is obtained. By 
projecting the various points of the grid (input) signal to 
the solid-line, push-pull characteristic shown in the figure, 
the output waveform is obtained. 

The output transformer turns ratio and load impedance 
relationships in the push-pull amplifier are based upon a 
unity turns ratio of secondary to one-half of the primary. 

A hus, when the whole primary-to-secendary tUMNS rate 1s 
considered, that is, the p. iete-toelte load, the retio is 2 


y 
wi. Siice the tansio 


and secondary varies as the square of the tuins ratio, qd 4 


nsfcrmation is Gbtained. Tor cxampte, 
with a 1000-chm load across the secondary, the piate-to- 
plate load is 4000 ohms, and the individucl tube load is 
1000 ohms. The proper load for a particular tube varies in 
accordance with the design and class of the amplifier, and 
is beyond the scope of this handbook. The effectiveness of 
the push-pull circuit results basically from the elimination 
of second-harmonic distortion, which permits the tube 
parameters to be increased much beyond those of the single- 


ended stage tor an 
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providing a much greater power output. Another reason is 
that the apparent internal plate resistance of the push-pull 
combination is much lower than that of a single tube (on 
the order of rp/2). Therefore, with the same voltage and 
bias as that of a single tube, the lower dynamic plate re- 
sistance permits much greater output. In addition, the 
amount of distortion does not increase greatly when the 
tubes are driven to zero bias or even into the positive 
region. Therefore, Class B operation becomes feasible, 
and is used where large amounts of audio power are desired. 

The manner in which second-harmonic distortion is 
eliminated can be more easily visualized if the accompany- 
ing equivalent circuits are examined. Part A of the figure 
shows the fundamental and odd-order equivalent circuit, 
while part B shows the second and even-order harmonic 
circuit. Note that in part A of the figure ip flows in the 
same direction through the primary of T2; thus the funda- 
mental and odd-order harmonics induce an output in the 
secondary and appear across RL. The current flow is in 
opposite directions through the power supply, however, so 
that the fundamental cannot appear as feedback through the 
common supply impedance; thus oscillation from this cause 
is prevented. In part B of the figure the flux in the pri- 
mary developed by ip cancels, and, while the second- 
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harmonic current does exist in the primary, it does not 
appear in the secondary as long as the circuit is balanced. 
Even with an unbalanced current, however, any second- 
harmonic output is considerably reduced. The reduction of 
second and even-order harmonics also contributes to a 
much reduced third and odd-order harmonic content. Since 
the second and third harmonics produce most of the distor- 
tion encountered in the amplifier circuit, the push-pull 
amplifier automatically provides a much larger undistorted 
output than that of the single-ended stage. The manner in 
which the output power and third-harmonic distortion vary 
in accordance with the plate load for a typical two-tube 
push-pull amplifier is shown in the accompanying figure. 
The tube types, plate voltage, bias, and grid drive are the 
same as those used in a similar graph shown in the dis- 
cussion of the TRANSFORMER-COUPLED TRIODE AUDIO 
POWER AMPLIFIER, discussed previously in this section 
of the Handbook. Comparison of these charts shows almost 
a three-time power increase over that of a single tube for 
the same load resistance, with a total absenceof second- 
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harmonic distortion and very little third-harmonic distortion. 
Class AB Operation. In Class AB push-pull operation, 
sometimes referred to in other texts as Class A prime opera- 
tion, the grid bias is increased over that of Class A opera- 
tion, and plate current does not flow during the entire 360 
degrees of the cycle. During the peak grid excursions, 
therefore, some rectification of the grid signal occurs when 
the plate current is interrupted, causing distortion and high 
peak plate currents. With self-bias this increases the bias 
during the peaks and produces nonlinearity, which is the 
main cause of the increased distortion. With fixed bias the 
abrupt change which occurs with self-bias is not encounter- 
ed, and the distortion is less. This occurs because there is 
no abrupt increase in plate (cathode) current to produce the 
bias change; instead, the bias at the peaks is determined by 
the resistance in the grid circuit and any grid current flow 
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so that the change is proportional to the signal increase, 

it is somewhat more linear, and less amplitude distortion is 
created. Therefore, self-bias is usually avoided in Class 
AB operation. Regardless of distortion effects, ho: 
the increase in bias (over that of class A operation) at a 
purticulur plate voltage reduces the tota! operating current 
and the plate dissipation. Therefore, the efficiency in the 
plate circuit increases and greater power output is obtained. 
If desired, the plate voltage (for triodes) may be still further 
increased to restore the plate dissipation to the full rated 
value with still qreater output. For this reason, Class AB 
operation is generally preferred to Class A operation where 
power output is the main consideration ond c slight increase 
é nt ranqe, 
and hence the cathode current {in self- biased épecdiion); is 
qreater than that of Class A operation, a slight unbalance 
between the tubes usually occurs, Therefore, a cathode 
bypass capacitor is generally used in self-biased Class AB 
operation to prevent degenerative effects due to this un- 
balance. Although matched tubes ate desirable, whether 

or not cathode bypassing is used, it is considered to be 
more economical and practical to provide a current-balancing 
control in the bias circuit and to use unmatched tubes, 
Actually, for Class A or AB operation, it is only necessary 
to match the quiescent value of current to obtain a belance 
within 10% over the operating range. 

The dynamic characteristic of Class AB push-pull 
operation is obtained in the same manner as that of Class A 
pushepull . A typical characteristic curve would 
show that the bias is closer to the plate-current cutoff value 
than is true of the Class A push-pull circuit. In addition, 
the resultant characteristic is lineor over a greater length 
as compared with Closs A operation. This results in fess 
distortion and greater plate efficiency. Maximum efficiency 
for Class AB operation is on the order of 50 to 55 percent. 

Class 8 Operation. A typical dynamic characteristic 
curve for Class B operation is shown in the accompanying 
figure. 
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Note that the bias is higher than that for Class AB opere- 
tion and is nearer to, but not quite sufficient to cause, plote 
current cutoff. Thus, ¢ slight idling (static) current exists 
with no input sigtaly With the greater bias, a greater drive 
signal is required. Since the grids are usually driven posi- 
and g¢ is drawn (that is, Class B operation), 


o powerdriv 

Because yrid current flows on the peaks of the input 
signal, a low-impedance grid circuit is necessary, and is 
usually provided by using a step-down turns ratio from the 
primary of the input transformer to the secondary. This alse 
has the effect of reducing the internal plate resistance of 
she he ve tube, and produces better over-all voltage requla- 
non to heie diminish: distuiliun Gu the Peak inpiit 3 
swings. While the circuit operates in a manner similar to 
that of a Cless A or AB push-pull amplifier, it differs in 
that only one tube is operative ata time. It can be seen, 

nen, ¥ each tube operating sepurately, that 1: 
tions exist in the plate current and voltage, as well as grid 
current and voltage, and well-requlated power ond bias 
supplies are necessary to avoid distortion, The distortion 
is caused by flattening of the peaks due to poor regulation. 
Since the plate current, and hence the cathode current, fluc- 
tuates greatly, self-bias is impracticable, and fixed bias is 
used; in some applications special hi-mu Class B tubes 
designed to operate at zero bias with very small plate 
current flow are used. Because only a small static plate 
current is drawn when no input signal is present, the average 
plo t for Class A operation, even 
though the piate current swing is greater. This is the 
reason for the higher efficiency produced by the Class B 
push-pull amplifier. For example, it can be demonstrated 
that with a plate efficiency of 60%, the power outpur is 1.5 
times the plate dissipation. On the other hand, for a Class 
A stage operating at 25% efficiency, the power output is 
only 1/4 of the plate dissipation. Thus, it is possibie to 
obtain six times as much power cutput from the same tube 
in Class B operation as in Class A operation . 

Because each tube of the Class B push-pull amplifier 
operates on alternate half-cycles, the cancellation of the 
second-harmonic component (a feature of the Class A or AB 
push-pull amplifier) does not exist (except for the periad 
during which both tubes operate). Harmonic distortion at the 
input is transmitted in amplified form to the output, Any 
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the straight-line portion of the dynamic characteristic for 
operation . Since operation in this region is linear, second- 
harmonic distortion is effectively eliminated. However, if 
operation occurs in the nonlinear region beyond this, or if 
the tubes are mismatched badly (10% difference in current 
will produce 5% distortion), then second-harmonic distortion 
will be produced and the effectiveness of the push-pull con- 
nection will be lost. Despite the apparent disadvantages of 
Class B operation, when coreful attention is paid to design 
much greater output is obtained with not too much additional 
distiotion. Therefore, Class B operation is universally used 
for high-power audio applications, porticularly for trans- 
mitter modulator stages. Practically, efficiencies on the 
order of 60 to 66% are obtained, although the theoretical 
maximum efficiency poassible is 7/4, or 78.5 percent. 

The accompanying figure shows typical waveforms 
developed in the Class B amplifier over two cycles of opera- 
tion, and clearly illustrates the current and voltage rela- 
tionships. In part A of the figure the input (grid) signal is 
shown as a sine wave, with an amplitude sufficient to 
exceed cutoff bias Ec and drive the grid slightly positive. 
Half-cycles (1) and (3) are identical, as are (2) and (4). 
However, the odd and even half-cycles are 180 degrees out 
of phase with each other. As the input signal swings posi- 
tive, plate voltage Eb is reduced by the drop across lead 
EL until the peak value of input signal is reached, This 
corresponds to Emin, as shown in port B of the figure. 
Simultaneously, as shown in part C of the figure, the plate 
current of tube V1 increases to value Imax at the peak of 
the signal. As the input signal recedes and falls to the 
cutoff bias value, EL decreases to zero (supply value of 
Eb) at cutoff. At this time, the plate current is at a min- 
imum rather than zero, the plate voltage is that of the supply, 
and the drop across the load is zero. Actually, this is the 
time when idling or static current exists, and is some 
small value other than zero; it is indicated by the overlap 
of the current waveforms in part D of the figure. Part D 
also shows the plate currents for the two tubes, where ip, 
is that for V1 and ip, is that of V2. Current ip, is shown 
dotted since it is 180 degrees out of phase with ip, and 
occurs during the time V1 is cut off. With matched tubes 
these waveforms are identical, and with unmatched tubes 
they vary slightly. (A 10% current difference will produce 
approximately 5% harmonic distortion.) 

The waveform for V2 is produced in exactly the same 
manner as that for V1 by the even-order half-cycles, (2) 
and (4) in the figure, while (1) and (3) keep V1 nonconduct- 
ing. Part E of the figure shows the output voltage in the 
secondary of the plate trmsformer. The positive and nego- 
tive swings are produced through the primary on alternate 
half-cycles of operation. Thus, the output voltage is 
similar to the input voltage and is twice that produced by 
one tube. 
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Typicel Class B Current and Voltage Waveforms 


For small-amplitude input signals, operation occurs 
around the point of idling or static (zero) current. In this 
tegion the characteristic of each tube is extremely nonlinear 
and much distortion occurs. However, when large input 
signels are applied, this orea represents only a small 
fraction of the range; hence its effect is negligible. This 
nonlinearity at the zero bias point, plus that caused by grid 
current flew, and unmatched plate currents caused by a 
difference in tube characteristics, add together to increase 
the total harmonic distortion. Thus, the Class B amplifier 
always has more inherent distortion that either the Class A 
or AB amplifier. 

Other Considerations. A special form of Class B opera- 
tion is that known as Class B quiescent operation. In this 
case the operation is B,, that is, the grids are never driven 
into the positive regionl This type of operation is essential- 
ly similar to Class AB operation, except that the bias is 
higher. Because the grids are not driven positive, less 
distortion is produced and less driving power is required. 
However, the extremely large output obtained with B, opera- 
tion is not possible; thus it finds rather limited use. Since 
the theory of operation is similar to those types discussed 
obove, it will not be further explained in this Handbook. 

Because of the extremely large fluctuations of current 
and voltage which occur in the typical Class B amplifier, 
and because some tubes exhibit a negative resistance 
effect over part of the cycle, transients may be produced 
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and parasitic oscillations sometimes occur in the grid or 
plate circuits. These undesirable effects are eliminated by 
placing small bypass capacitors between the cathode and 
gtid or across the primary of the plate transformer. In some 
instances, in the plate circuit, a series R-C combination 


plate. In such cases, these 
components act as simple high-pass filters to reduce trans- 
tent respense, They are not essential ta the operation of the 
circuit, and serve only to prevent the possibility of un- 
desired parasitics. The insertion of these components and 
the determination of their values are design problems not 
concemed with circuit operation. 


a oll A Pisgah a 
IWuy be Pluced LiGin pldie & 


FAILURE ANALYSIS. 

No Output, Lack of an Hp signal, defective input or 
utput transformers, lack of plate or filament vol: ltage, ora 
elective oe can Cause a WC-output condition. The pre 
sence oj plate or filament voltages can be determined by a 
voltage check . Use an oscilloscope or a vacuum-tube 
voltmeter to determine whether an input signal exists. 

Follow the signal through the circuit; when the signal 
disappears, the trouble will be localized. While an open 
open input eee (T1 primary) will prevent the development 
of an output signal, either secondary may be open without 
stopping operation; in this case the circuit will operate on 
one tube with reduced output. Likewise, in the plate trans- 
former (T2), while on open secondary will prevent any out- 
put, an open primary will not (unless both halves are open). 
Loys of pluie yeliugeon one tube with normal supply ve 
age indicates that half of the primary is open. One de 
fective tube will not prevent output; however, if both tubes 
cre defective there will be no output. While short circuits 
across the input con cause loss of output, it is rather un- 
likely except where capacitors are placed from grid to 
cathode or from plate to plate in order to prevent transients 
and parasitics. If such capacitors are used and no output 
is observed, the capacitors are probably shorted. A resist- 
ance check of the windings with the power off will indicate 
continuity; a resistance reading of less than 1 ohm will 
probably indicate a short circuit. 

Reduced Output. Many conditions can cause reduced 
output. The most common causeis ioss of amplification in 
one tube, This condition can result from a defective tube, 
less of filament or plate voltage, or a short circuited con= 


didon. Remove one tube uid then the other. if oie fait 


of the circuit is Operative, tie uutput will be reduced cone 


siderabiy of cease entirely whet t 


Ii the tube removed is defective, the output will not change; 
it may even increase. Less of Elute volluge WwW une tube 
Gan be determined by a voltage check. Visual indications 


Ss s the plote shuwit 


cvlor in 


te excessive ulate 


dissipation tn the good 


er, this is ony o 
telative check, since a short circuit can also exist in the 
tube showing color, An oscilloscope waveform check wili 
dae detinitely whether one tube is operating normally, but 


and biss may be checked on the ini 


mine the fauli, Where u iube is suspected, iti 
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one known to be good, With normal plate, filament, and 
grid voltages but with reduced output, the trouble is 
either a tube (or tubes) or a short-circuited (grounded) 
transformer winding. Check the output load or device, 
since improper loading will cause reduce cutput. 

1 


Distorted Sutput, inproper bias igiste 


impedance, as well asoverdrive, will 
Distortion resulting from pocr frequency response may be 
caused by poor transformer construction, and also by ir 
proper loading. If the transformer is defective, replace it, 
Also, examine the load to make certain that it is of ¢ 
proper value .Check for the proper pics end plate velra 
c ia 


tes distortion in a previous shee 
a tube (or tubes), Check the tube { 
substitute a pair of tubes know 
whether the response improves, g 
(linear response), very little second-harmonic distortion 
will be present. With unmatched tubes, a 10% difference 
in currents can produce as much as 5% distortion. In a 
Class A or AB push-pull amplifier, second-harmonic dis- 
tortion indicates that the tubes are improperly loaded er 
that one tube is defective, since this type of distortion 
will cancel out in the secondary if the circuit is operating 
normally. [f balencing adjustments for bias and plate 
current are praviged in the equipment, a readjustinent will 


the operation to normal. Operate Class A 


83 
£3 


10 be Match 


probably retum 
or AB stages with one tube in the circuit at time and 
note on an oscilloscope whether both circuits perform 
identically, observing the waveiorm at both the input and 
the output. The source of distortion should be obvious. 
‘nen Class B stages are operated with one tube only, the 
output will be highly distorted; both tubes cre necessary to 
minimize distortion, 


PHASE INVERTERS, 


Phase inverter circuits cre used to produce cn oppositely 
polarized algal sivigitapecueay wilh, the wueuuk wutgut 
signal. Thus two equai end opposite signals are produced 
for driving pusfi-puil ampliliers. Since the cutputs are usu- 


aly equc 


they ace 


ter, Recon 


e omelifier inverts dy 
Tent, Simple Single-std ge pause 


by taking one cutput from the 


infut Signal in tne plate 
inverters cun be develop 


cuthude and the wther output fra: 
no consideration, the most s 
ase transformer coupling with a 


m tue S Bi iW 
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the wansfermer will oroduce equal a 
operable over id 
: mice 


cosite siqnals 
cass bands. In addition, the low 
ondary permits driving Class B 

‘cw grid current, without excessive grid 

on. hen operated at very low or at very 

in frequencies, however, the response limits of transformer 
coupling maxe it more desirable to use RC coupling, for 
better response. At extremely low frequencies (near zero 
cps) direct cou, is used co eliminate the reactive effect 
of the couzling capacitor. Thus phase inverters are similar 
in design to ccnventional audic amplifiers, with the excep- 
tion of the methods used to obtain the phase inversion, 

and to cbtain equal amplitude signals. To obtain more 

gain and better balance, two-tube phase inversion circuits 
are used. While plate counling is nermaily used, cathode 
coupling may be used where gain is not of prime importance, 
and a tow impedance output is desired. When exact balance 
is important and the effects of common signal coupling 
(induced hum or noise) are to be minimized the differential 
paraphase inverter provides a more representative and 

purer output. Each type of circuit is fully discussed in the 
following paragraphs. 


TRANSFORMER TYPE PHASE INVERTER. 


APPLICATION, 

The transformer type af phase inverter is used for 
driving push-pull amplifiers, in public address systems 
where grid current flow is sufficient to cause distortion 
in other types of inverter circuits. 


CHARACTERISTICS. 

Uses an output transformer with a common secondary 
center tap, 

Uses self bias, although fixed bias may sometimes be 
used, 

Provides maximum output and gain. 

Outout amplitude is primarily determined by the trans- 
former turns ratio. 

Frequency response is uniform over a range of approxi- 
mately 100 cps to SQ00 cps. 

Two outputs, balanced with respect to ground, are 
supplied. 


CIRCUIT ANALYSIS. 

The transformer type of phase inverter is basically a 
transformer coupled audio amplifier with a center tapped 
secondary. When the center tap is grounded, two opposite 
polarity cutputs are produced which are essentially out of 
phase with respect to each other. Thus, a single input 
signal will provide a dual output with polarity and phase 
correct for driving a push pull stage. Because the trans- 
former secondary has a low de resistance, this type of 
circuit is usually employed where grid current is drawn, 
such as in Class B push-pull stages. While also classed 
as a phase splitter and paraphase amplifier, these terms 
are considered to be more applicable to other types of in- 
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verters which use special circuit arrangements to obtain 
the phase difference and dual output. 

Circuit Operation. The schematic of a typical trans- 
former type of phase inverter is shown in the accompanying 
illustration, A triode tube is employed for simplicity, 
since it will usually supply sufficient drive (output) for 
moderate powered push-pull amplifiers. Wnere greater 
power or drive voltage is required, a pentode tube may be 
used, or an additional push-pull driver stage can be added. 


Transformer Coupled Phase Inverter 


The high impedance resistance coupled input uses Ce 
as the coupling capacitor and Rg as the triode grid 
tesistor. Cathode bias is supplied through cathode resistor 
Rk bypassed by Ck. Plate voltage is applied to V1 
through the primary of Tl. The secondary of Tl is center 
tapped, and the outputs are obtained between each end of 
the winding and the center tap. 

With no signal applied, tube V} is resting in the qui- 
escent condition, with the voltage drop across cathode 
resistor Rk supplying Class A bias (plate current flows 
continuously for the whole cycle). Cathode bypass capaci- 
tor Ck prevents degeneration so that instantaneous plate 
current variations have no effect on the bias. (See Section 
2, paragraph 2.2.1 of this Handbook for a discussion of 
cathode bias.) 

When a positive input signal is applied, the grid of 
V1 is driven positive and increased plate current flows, 
The increased plate current flow through the primary of 
transformer T] produces a greater magnetic field linking 
the windings and causes a voltage to be induced in the 
secondary. With a center tap provided at the electrical 
center of the winding, two outputs can be obtained, as 
shown by the polarity indicated in the schematic. With 
opposite polarities, these outputs are of the proper phase 
for driving a push-pull stage. When the positive half-cycle 
is completed and the negative half-cycle begins, assuming 
a sine wave input signal, plate current is reduced. The 
reduction of plate current flow through the primary of T1 
induces a voltage in the opposite direction in the secondary, 
because the direction of the magnetic field is now changed, 
Thus a negative output is produced during the negative 
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nalf-cycle. The polarity of tne secondary winding is now 
opposite that shown on the schematic. However, becouse 
of the grounded center tap, points 1 and 2 on the winding 
will be of equal amplitude, but of opposite polarity, or 
phase. 


No Output. Lack of plate voitage, improper bias volt- 
age, as well as a defective tue will cause a ioss of cut- 
put. Loss of plate voltage or impreger bias, may pe deter- 
mined by making a voltage cneck with a voltmeter, With 
plate voltage at the supgly but net on the plate of V1, 
transformer Tl primary is cpen or vi 


indicated across the primary resistance oi Tl. Replace Vi 
with a known good tube, when in doubt, and recheck the 
piate voltage. ‘With sroper gate and catnode-bias voitage, 


ter Ra i 


4 
ond ne outy 


of the si 


ondary of Tl is onen. Make a resistance ¢ and continuity 
check of these parts with ai onmmeter to determine which 
1s at foult. 

Low Output. Low plate, or high bias voltage, as well 
as a defective tube can cause a output. at ebnormai 
Piste current is drawn, the picte voltage of V} will be 
lower than normal and the cathode pias will be higher 
than usual ane thus less output will be cbtained. Use a 
voltmeter to check plate ard bias voltages. If bias and 
plate voltages cre normal, replace V1) with a good tube, 
since low tuhe emission can also cause a reduced output. 
If the flow output condition persists after tube replucemen 
transformer T] is probably defective. A slight increase in 
piate voitage with a reduced primary a-c res.stance, as 
checked with an ohmmeter, couzled with pocr lew frequency 
response is an almost positive indication of a partially 
shorted primary. Any short cr high resistance condition 
in the secondary will usually stew on a resistance check 
of the secondary, and will probably cause o reduction in 
output signal amplitudes, i! not in both. Use 

upe or VTVM to compare wutput voltage indi 


caUuons. 


Distortion, Use an oscilicscope 
pigliua WV 
waveforms, 


te conserve es } et 


SINGLE-TUBE PARAPHASE INVERTER. 


APPLICATION. 

The single-tube parapnase inverter supplies a push- 
puli output irom, a singie-endec ingut. It is used meiniy te 
drive audio push-pull power amolifiers in public eddr 
systems, or Teaulators, ond in rece:ver qudio-stagzes. 
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CHARACTERISTICS. 

Seif-bias is usualiy used altneuch fixed bias may be 
used, if desired. 

Two out-of-phase cutputs are erovidec, one trom the 
plate circuit, and one from the cathode circuit. 

Frequency response is relatively uniform from about 


Either triodes cr penioces may be usec (pentede pro- 
vides siightly higher output with s:.preved high frequency 
response). 
Provides i ssitie with transformer 
non the input), 


CInCULT AsAL YSIS 
CIRCUIT ANALYSIS. 
General. The single staye paraphase inverter, aiso 


known ds 2 phase splitter utilizes tne chase inverting prop- 
erty netween the grid and Mel ot tn election tu be to 
supply a 190 deqiee cut ie 
together with on in-phase output, which is taken trom the 
cathode, provides the desired push-pull output. Since 
palanced signals are desired, the amplification is limited 
to thet which con be obtained from the cathode, whi 
is always less than unity for a cathode follower. Thus, 
when plate and cathede outzuts are mede equal, the out- 
put is always less than the input signal. This circuit, 
however, ismore economical to produce and has a better 
overall response than the transforser coupled circuit. 
Hence it is usually used in lower priced equipment. For 
best results two-tube eke circuits are preterred, 
since the over c a response may be ar- 
ranged to provide better performance with @ larger output 
thon eithe. the wonsformer cougled, or the single-tube 
stage. 

Circuit Operation. The schematic o! a typical single- 
tube paraphase inverter is shown in the accompanying i!- 
iustrution. 


Epp 


R2 


OUTPUTS 
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passed by capacitor C4. The outputs are developed across 
plate load resistor R2, and cathede load resistor R4, and 
are copacitively coupled to the push-pull driver or output 
stage by C2 and C3. 

With no signal applied, V1 rests in the quiescent 
condition with Class A bids supplied by cathode current 
flow through cathode resistor R3. Since grid coupling 
resistor Rl is returned to the ground side of R3, any 
voltage developed across Rd by cathode flow has no effect 
on the bias between the grid and cathode of Vi. Further- 
more, since the voltage developed across Ré4 in the qui- 
escent condition is steady (DC) no output appears from 
coupling capacitor C3. Likewise, any plate voltage drop 
develoged across flate resister R2 is also a steady DC 
and no output appears from C2. 

Assume a sine-wave audio input signal is applied to 
the input terminals. During the positive excursion, the 
grid of V1 is driven in a positive direction in the conven- 
tional manner and an increasing piate current flows. When 
plate current increases, electrons flow from ground, through 
R4, and C4 (which bypasses R3), within the electron tube 
from cathode to plate, and through plate resistor R2 to the 
voltage supply, creating the polarities shown on the sche- 
matic. Note that the cathode voltage is positive, is in 
phase with and follows the input signal, while the plate 
voltage drop is negative and out-of-phase with the input 
signal. Since these two voltages are constantly varying 
at on audio frequency they appear as outputs across C2 
and C3, and ground. The values of R2 and R4 are made 
approximately equal so that equal amplitude output signals 
are produced. 

When the input signal reaches its peak positive excur- 
sion and swings in a negative direction, the plate and 
cathode current through V1 is reduced, and the output 
voltage is reduced, likewise. As the input signal reaches 
the zero level and swings down into the negative region, 
the polarities across R2 and R4 are reversed. That of R2 
rises towards the plate supply source and becomes positive- 
going, while that of R4 continues towards zero, drops 
below the quiescent level and is effectively negative-going 
because of the reduced cathode current flow. Again, two 
oppositely polarized (phased} and equal output signals 
are produced from the single input signal. Thus as the 
input varies at audio frequency, the cathode and plate 
outputs do likewise, but oppositely. Since R3 is bypassed 
for audio frequencies by C4 the bias remains unaffected 
by the signal current variations (see explanation of cathode 
bias given in paragraph 2.2.1 in Section 2 of this Hand- 
book). 

As long as R2 and R4 are equal, and C2 and C4 together 
with their coupling (load) resistors (RL) are equal, the 
frequency response of both circuits is almost identical. 

At irequencies above 20 ke the plate output of V1 tends 

to drop off because of the effect of the appreciable triode 
grid-plate capacitance which is usualiy larger than the 
qrid-cathode interelectrode capacitance. Therefore, 

where higher audio frequencies are desired, the pentode 
tube is used instead of the triode so that its reduced inter- 
electrode capacitance minimizes this effect. 
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FAILURE ANALYSIS. 

No Output. Open input or output circuits, a defective 
tube, improper bias, or lock of plate voltage con result in 
loss of output. Check the bias and plate voltages with a 
voltmeter. Use an oscilloscope to observe the input wave- 
form and follow it through the circuit from grid to cathode 
to plate, and then across the outputs. If an input appears 
across the input terminals but no signal uppears on the 
gtid, coupling capacitor Cl is open. If the grid of V1 
teads positive Cl is shorted or leaky. When checking the 
bias across R3, measure from grid te cathode using the 
proper polarity, and then from R4 to cathode. If the grid 
to cathode reading is zero, grid return resistor Rl is open. 
If an output appears across R4 but does not appear on the 
plate of V1, either the tube is defective or R2 is open. 
With plate voltage present from R2 to ground, V1 is de- 
fective (if the voltage is equal to the supply on both 
sides of R2, the resistor is shorted}. When an output 
appears on the plate of V1 but not at the output load, 
coupling capacitor C2 is open. If Cl is shorted the plate 
voltage of the preceding stage will rive V1 into satura- 
tion, a constant high voltage will appear ocross Rd, and a 
constant low voltage across R2 {on the plate of V1) and no 
output will be obtained. When the tube is suspected, 
replace it with one known to be in good condition before 
moking any further checks. 

Low Output. Insufficient bias on V1 due to R3 changing 
toa lower vaiue (or if C4 is shorted) will cause a low 
plate voltage and a high cathode voltage, and reduce both 
outputs. If Cl is leaky the grid of V1 will show a positive 
voltage to ground. If Rl is open the grid of V1 will tend 
to block or build up a higher then normal bias, operating 
at or near cutoff with reduced output. If V1 is leaky or 
gassy, a positive voltage cause by grid current flow 
will appear between grid and ground. Should normal 
bias and plate voltage be indicated by a voltmeter but 
low output still exists, tube V] may be low in emission 
and produce a much weaker than normal signel. When 
operating properly, the cathode and plate outputs will be 
equal and just slightly less than the input signal amplitude, 
because of cathode follower action reducing the gain to 
jess than unity. 

Distorted Output. Normally, the output signa! will be 
of the same shape and of only slightly less omplitude 
than the input signal. Use an oscilloscope to observe 
the input and output waveforms, with a constant sine- 
wave input signal applied. Flat-topping or rounding off of 
the positive peaks of the output signal indicate distortion 
caused by low emission or reduced plate voltage on V1. 

If the plate voltage is normal and flat topping occurs the 
tube is defective, If the tube is operated with too high 

a bias (near cutoff) the peaks will also be clipped when 
the tube is driven to cutoff. If cathode bypass capacitor 
C4 is open, the bias on V1 will change with the signal, 
and amplification will not be linear, some amplitude dis- 
tortion will occur and degeneration wiil cause a drop in 
output at the signal peaks. For small input signals little 
or no distortion will be observed. However, on large signals 
the bies may be driven into the cutoff region causing 
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bursts of distortion. If C4 is open, the cathode bias will 
vary instantanecusly with the input signel variations and 
show on a voltmeter as a constantly varying (instead of a 
steady) voltage. With normal plate and bias voltages, 
distortion can also be caused by overdrive (too large 

an input signal). When the distortion observed on the 
oscilloscope at the outputs disappears as the input signal 
amplitude is reduced overdrive (cr improper biasing) is 
the cause. Since output coupling capacitors C2 and C3, 
together with the associated load resistance RL, are in 
parallel across the plate and cathode resistors, any change 
in these components or in the load can create some dis- 
tortion. Such a condition oral usually create an inbalance 


cad result in different cutout amplitudes. | 


capacitors will show a positive voltage on the load side 
as well as on the plate or cathode sides and are easiiy 
detected by a high resistance voltmeter. 


TWO-TUBE PARAPHASE INVERTER. 


APPLICATION. 

The two-tuke paraphase inverter supplies a push-pull 
output from a single-ended inrut. It is used to drive push- 
pull audio amplifiers in receivers, public address systems, 
and modulators, where more amplification cr gain is needed, 
and the single-tube inverter stage will not suffice, 


CHARACTERISTICS. 

Self bias is usually used, although fixed 
see if desired. 

A single-ended input is cunverted into two cat-of- 
vhase outputs. 

Amplification may be obtained in addition to the phase 
inversion. 

Either triodes or pentodes may be used, with the pen- 
todes providinghigher gain andimproved frequency response. 

Inherently not self-balancing (usually requires re- 
balencing if tube is replaced}. 

Frequency response is relatively uniform froin cbout 
106 cps to 15,000 cps. 


ics isay be 


CIRCUIT ANALYSIS. 
The two tube paravhase inverter usually 
fe, ducl-trigde w 
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be obtained. This type 


# output i vie half-section stukui eifol awolteqe 


qivicer across tne rit to supply the out-of-phase 
drive to te Ss 
determined by the stag 
different between two tubes (or two half-sections) the 

voltage divider ratio must be changed (er separate cath- 
ode bias resistors are used insteac of a com 
c keen the outputs eur 
, the two tube circui 


primar 


t 
slight unbaiauce, However, the 
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sible permits the stage to be used both as a driver and 
phase inverter (and sometimes as an output stage) thus 
economically combing two stages inte cne. 

Circuit Operation. The following sch: 


atic illustrates 


a typical two-stage triode phase inverter. Triodes are 
used to simplify the discussior:. 


OUTPUTS 


Triode Two-Tube Paraphase Inverter 


Pentodes operate in the sutve tushiun as described below 
for triode operation, except for considerations of the effect 
of screen current and voltage (for the same plate voltage a 
lurjer swing is possille, and a grea 
put ure obtained with a sitght increas 


response). 


aa out 
moidvity ond out- 


e inoverail frequency 


a 4 . ty 3 De, 
The imput ty Use va iS MG Cui, ot a 

while the inverted input to triode V2 is direct-coupled from 

voltage diviver AS arid AO connected wuruss Whe CURput 


siagloy capaci 5 
VZ te greund). Cathode ties 


ond Rr, bypassed oy 


separate < 


aid R4 are the piate icad resistors for tupes Vi anc V2, 
respectively, and the outyuts are RC cuupied throu ji CZ, 
C3, and R5, 6, and 27. Capacitor U2 and voltage ceader 
RS, and Boy provide the: cuts ut labeiled El trae VIL The 
n i Ths 


igo sorves-as the gridire 
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coupling from R6 to the grid of V2, any deleterious react- 
ance effects produced by passing the signal through an 
additional coupling capacitor ore avoided (the two coupling 
capacitors ccnnected in series would reduce the effective 
low frequency response). Normal oserating bias for Vl and 
V2 is either Class A or Ciass A prime (AB) operation. Be- 
cause the input for V2 is taken from across R6, and both 
RS and R6 are in series with the grid of the following (out- 
put) stage, Class B operation cannot te used (grid current 
flow on the signal peaks through R@ would produce a dis- 
torted input to V2). With no signal applied, the circuit 
operates in the quiescent condition. Plate current flows 
through cathode bias resistors Rk, and Rk, providing nor- 
mal Class A or AB bias (see Section 2, paragraph 2.2.1 of 
this Handbook for an explanation of cathode biasing). 

Assume that a sine-wave input signal is applied to the 
grid of V1. As the signal goes through its positive-going 
excursion, the grid is driven in a positive direction causing 
the plate current to increase. The increasing plast current 
of Vi produces a voltage drop across plate load resistor 
R3, and reduces the instantaneous plate voltage. Thus a 
negative-going voltage is developed across R3 (during 
the positive half-cycle) and is applied to coupling capacitor 
C2. Since the signal is constantly changing the e-c 
component appears across output resistors RS and R6, 
which ote connected in series between coupling capacitor 
C2 and ground. This is the output voltage El from tube 
Vl. Resistor R6 is usually one tenth the value of RS, and 
together they form a voltage divider, so that one tenth of 
the output of V1 appears as an inverted exciting signal 
voltage which is applied directly to the grid of V2. This 
negative-going voltage on V2 grid produces a decreasing 
plate current in V2, and the voltage across Ré (at the plate 
of V2) rises towards the source {hecomes more positive). 
The increasing positive-going plate cutput from V2 is 
coupled through C3, producing output voltage E2 across 
R7. Thus the output of V2 is opposite to that of V1 in 
polarity (out-of-phase) completing the other half of the 
desired push-pull output. As the plate currents of V] 
and V2 rise and fall, the cathode currents do likewise, 
However, since they are bypassed by capacitors Cx, 
and Ck,, they do not affect the steady bias voltage de- 
veloped by average current flow through the cathode re- 
sistors. 

When the input signal reaches its positive peak and 
reverses, conditions, likewise, reverse. The grid of V1 
is now driven in a negative direction and the plate cur- 
tent of V1 falls. Output voltage El now becomes positive- 
going and continues to increase until the negative input 
peak is reached. Meanwhile, the voltage across R6 (which 
is applied to V2 grid) also rises in a positive direction 
with the plate voltage of V1, towards the voltage of the 
supply. Therefore, the gtid of V2 is effectively driven 
positive, causes an increase of plate current and produces 
a negative voltage drop across plate resistor R4. This 
negative-going output is coupled through C3 and appears 
across R7 as output voltage £2. When the input signal 
reaches the negative peok and swings positive again 


CHANGE t 


0967-000-0120 AMPLIFIERS 
towards zero level, conditions again revert to that of the 
initial half-cycle. Thus the positive and negative half- 
cycle of input signal control the grids of tubes V1 and 

Y2 to produce relatively identical, but inverted and am- 
plified signals (the relatively large current flow through 
the large valued plate resistors develops an output voltage 
much larger than that of the input voltage). Although V2 
grid is excited by the output of V1, operation is practically 
instanteneous so there is no appreciable delay between 
the input voltage on V] and that on V2, 

Because the gains of two tubes will vary slightly, 
there is c difference in amplitude between the two outputs, 
unless the bias is changed slightly on one tube. Thus the 
circuit is seen to be inherently unbalanced, and it does 
not of itself provide any automatic balancing, as does 
occur in the cathode-coupled or in the differential types 
of paraphase circuits. While the circuit values are se- 
lected properly by the manufacturer and designer, it is 
usually necessary to change cathode and plate resistance 
values in one tube when a new tube is substituted, to 
minimize amplitude distortion (this does not authorize any 
modifications to be made to Navy equipment, since cir- 
cuit design is presumed to adequately cover such a con- 
dition}. In most cases the additional distortion produced 
by tube gatn differences is within acceptable limits and 
is of academic interest only. 

When dual-triodes with a single, common-cathode are 
used in this type of circuit, bias is obtained by a common 
cathode resistor. In some cases this cathode bias re- 
sistor is also bypassed by a capacitor, and a constent 
unbalance occurs due to the differences in gain between 
the two half-sections. In other instances, this cathode 
bias resistor is not bypassed. When unbypassed, the two 
instantaneous cathode currents flowing in opposite direc- 
tions tend te cancel out, as in push-pull amplifiers, so that 
the steady state bics remains substantially constant. 

Any remaining signal effects which are not balanced out 
become degenerative, and add to the bias to reduce the 
total output. When properly designed, this helps to balance 
the output signals and provide an increase of linearity and 
a reduction of inherent distortion. Since these circuit 
variations are only effective to a limited extent, the self- 
balanced type of paraphase inverter is usually preferred 
for use where distortion is to be limited to a absolute 
minimum. Such circuits are discussed later in other para— 
graphs in this section of the Handbook. 


FAILURE ANALYSIS, 

No Output. An open input or output circuit, improper 
bias, or lack of supply voltage, as well as a defective 
tube can cause a loss of output. Check for the proper 
bias and plate voltage on V1 using a high resistance volt- 
meter. Too high a bias will almost produce plate current 
cutoff and reduce the output so low that it is practically 
no output atall. Measure the bias first from cathode to 
ground, and then from the grid to ground. If normal bias 
is obtained from cathode to ground but not from grid to 
ground, Rl is open. If input capacitor C] is sherted, 
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tube V1 will be driven into saturation by the plate voltage 
from the preceding stage driving V1 grid highly positive, 

If Cl is open, no signal will appear on the grid side but 
will appear at the input (use an oscilloscope to observe 
the waveform). Ifa signal appears at tne grid, end in in- 
verted form at the plate of V1 but not at the output, cither 
coupling capacitor CZ is open or the output 5 shorted, 
Checking the resistance of R5 and Ré6 to ground will 
quickly determine if the output is shorted, if not, then C2 
is open. Use a capacitance checker to determine if C2 is 
satisfactory. With proper bias and plate voltage, and ar. 
input to V1 but still no output, tube Vl is defective. Re- 
place it witn a known good one. Since the output of V1 

is used to supply an input for V2, tne autput of V1 snoula 
Glways Le checked first. then tere is an output irom V1 
but not from V2, either the bias 1s toe high, the plate 


1, the plate 


supply or loud is pen, the output circuit is open or snorted, 
or tube VZ ts detective. With normal picte voltage and 
cathode bias on V2 but no signal visible on the plate, 

tube V2 is defective. Replace it with a known good one, 
The signal should now appear at the plate. If still no 
output is obtained, coupling capacitor C3 is open, or the 
output (R7) is shorted. Check from R7 to ground with an 
ohmmeter to determine if the output is shorted, and check 
C3 with an in-circuit capacitance checker. 

Reduced Output. Improper bias, reduced plate voltage, 
ora defective tube can cause a reduced output. Check 
the bias and plate voltage with a high resistance volt- 
meter. The voltages should be within the limits shown 
in the instruction book. Ti the bias is too high on Vi, the 
tube can be driven almost to cutoff on the negative peaks; 
or if it is too low, Vl may be driven inte scturation on the 
positive peaks. In either case there will be a reduction 
in output and distortion. Clipping of the waveform can 
easily be observed with an oscilloscope. If output E, is 
Satisfactory, @ siti set af conditions fui Couse a re- 
duction of output in V2. Use the oscilloscope to observe 
the cathode, grid, and plate of V2. Any signal on the 
cathode indicates Ck, is not properly bypassing or open, 
Lack of or low grid signal indicates improper voltage 
division, check R$ and R6 fer norma! resistance with on 
chmmeter. With the sianal on the urid of V2 of almost 


the same amplitude as that on the grid of V1, and an am- 
reduced output (22), check C 


recy: teot (Ez 


d slits signal but o 


Distorted Output. Improper bias, low plate voliaae, 
a detective tube can cause a distorted output. Use 
an oscilloscope to follow oe besa through: ithe cireuit 


from input to Vlogtid and plete, to V2 


note when the distortion appears, Too low a bias will 

cause clipping on the positive peaks, and too high a bias 
will cause clipping on the negative peaks. Lik 
low plate voltage ot low tube emission will also cat 


Shale alingine: TM slets Uplind Agia en ayes 
peck clipping. If plate voltag as aormal on the volt- 
meter, and clipping occurs on the positive peaks, the tube 


emission is low and insufficient to supply the peak cur 
ie P 


Replace the 
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one. Since V1 drives V2, any distortion which appears on 
the output of V1 will also appear on V2 grid, and will be 
amplified and appear in V2 output also. h V1 showing 
no distortion, and V2 distorted, check V2 bias and plate 
voltage. If these voltages are normal, V2 is probably in 
need of replacement. Becau { the inkerent unbalance 

f this circuit the cutputs of aa and V2 will usually be 
aight different, anda slignt amount of distortion, say 
1 to 2 percent, can be considered as normal operation. 
Make certain, also, that overdrive is not causing the dis~ 
tortion. Too lerge an input signal will couse clipping, 
which can be cbserved t sppear as the jain is reduced, 


Ee 


PARAPHASE, CATHODE-COUPLED INVERTER, 


APPLICATION. 
T 


drive a push-pull audio amplifier from a single-ended source. 
It is used in audio amplifier systems where self-balance 
together with amplification is desired, arid good frequency 
response and a minimum of distortion is required. 


d inverter is used to 


CHARACTERISTICS. 

Self bias is usually used, although lixed bias may 
be used, if desired. 

A single-ended input is converted into two equal and 
out-of-phase outputs. 

Amplification is restricted to about half the maximum 
value obtainable from a single tube. 

Is self-balancing, with a relatively uniform frequency 
response of approximately 100 to 20,000 cps. 

Either triodes or pentodes may be used, with the pen- 
todes providing higher gain and slightly improved high 
frequency response. 


CIRCUIT ANALYSIS. 
General. ‘ihe cathoce coupled inverter is usually used 

with dual triodes having a cor This circuit 

of Bers @ saving in space and we ver HORE ol the two 


type of inverters 
The inherent self-balancirg feature snakes : 


par y 
va. eluahles ie eu eus Brequinng a minimum of distortion, 


separate cahtodes 
discussion. the tube 1s actu 
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Cathode-Coupled Paraphase Inverter 


The input signal is RC coupled through capacitor C1 and 
gtid resistor Rl to the grid of triode VIA, a half-section 
of dual-triode tube V1. Cathode bias and signal injection 
for tube V1B, the other half-section of V1, is provided 
through common cathode resistor R2. The outputs of both 
half-sections are also RC coupled to the following push- 
pull stage. Resistor R3 is the plate load resistor for VIA 
from which the out-of-phase output is coupled through 
C2, while resistor R4 is the plate resistor for VIB, and 
the in-phase output is coupled through C3. 

In the quiescent condition with no signal applied, both 
VLA and V1B conduct and develop cathode bias across 
R2. The value of R2 is chosen so that the bias is set at 
the center of the tubes dynamic operating range, with about 
half normal plate current flowing through each half- 
section of V1. Since a push-pull! output is provided, the 
cathode and plate current of one half-section increases 
while that of the other decreases. Thus the average bias 
temains substantially constant and there is no necessity 
for bypassing the cathode resistor. 

When a sine-wave signal is applied to the input it is 
effectively passed through capacitor C1 and appears across 
Rl. Assume that the sine-wave is starting its positive 
half cycle of operation, the grid of VIA is driven in a 
positive direction, and causes an increased plate current 
to flow. Electron flow is from ground through cathode re- 
sistor R2, tube VIA, and plate resistor R3 to the supply. 
This electron flow creates an instantaneous polarity as 
shown in the simplified drawing below. 
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Simplified Polarity Diagram For 
Positive Half-Cycle of Operation 


As con be seen from the drawing, the cathodes of both 
VIA and VIB become more positive, while the instantane- 
ous plate voltage is decreased by the voltage drop ccross R3, 
producing a negative output at the plate. This negative 
output is coupled through C2 to drive the next stage. The 
normal grid to plate phase-inverting property of an electron 
tube is used in this half-section to develop the cut-of- 
phase signal. Meanwhile, with an increasing positive 
voltage applied to the cathode of V 1B, you recall from 
basic theory that this is the same as applying a negative 
signal to the grid, and V1B plate current is, therefore, 
decreased. As the plate current of V1B is decreased, 
the plate voltage rises towards that of the supply, and a 
positive output is developed across R4. This positive 
output is coupled through C3, as the in-phase signal, to 
drive the following push-pull stage. When the input signal 
reaches its positive crest, VIA is heavily conducting 
while V1B is lightly conducting, and opposite and equal 
output voltages are produced. 

As the input signal changes direction and becomes 
negative-going, operation reverses and the instantaneous 
polarity becomes opposite that shown on the drawing. Thus 
tube V1A plate current reduces and V1B plate current in- 
creases. The cathode voltage developed across R2 also 
reduces, which is the same as driving V1B grid positive 
and causes V1B plate current to increase. A negative 
output is now produced by the voltage drop across plate 
resistor R4, and a positive output voltage is developed a- 
ctoss R3 as the plate voltage of VIA rises towards the 
supply voltage with the reducing plate current. Thus the 
outputs are reversed to produce the negative half-cycle of 
input signal. 

When the negative input signal peak is reached, opera- 
tion again changes back to the original state with VIA 
plate current increasing while V1B plate current decreases. 
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FAILURE ANALYSIS. 

No Output. Too high a bias, lack of supply voltage, 
on open input or cutput circuit, or a defective tube can 
cause loss of output. Check the bias and plate voltage 
with a high resistance voltmenter, With normal dias and 
plate voltege and no output, either there is no input signal 
ot coupling capacitor Cl is open, of output coupling ca- 
paciters C2 and C3 are open, or the tube is defective. Use 
an oscilloscope and check for a signal on both sides of Cl. 
If the signal appears at the input but not on the grid side 
of the capacitor, it is open. Likewise, if the signal ap- 
pears on the plate but not at the output, the essociated 
output coupling capacator (either C2 or C3} 
grid resistor RI is shorted an will 


1 


to ground will reved! 


al if the input is 
sections of V1 are defective, of it VIA is delective 10 
output will be obtained, but if only half-section VIB is 
defective an output will be obtained from VIA, When the 
tube is suspected replece it with one known to be in good 


condition, 


Low Outpur. Improper bias, low plate voltage, or a 
defective tube will cause a reduced output, If input ca- 
pacitor Cl is shorted or leaky, a positive voltage wili be 
applied to the grid of VIA, will couse a heavy ilow of 
plate current and bias off the tube near the cutoff point. 

If extreme, practically no output will occur, otherwise, a 
reduced output will be obtained depending upon the amount 
of bias produced. Usually such a condition will be indicated 
by a high cathode bias, with a positive grid voltage, and 

a low plate voltage caused by the large drop through the 
plate load resistor, produced by acessive plate cul 
rent flow. If R2 changes to a lower value, the bias across 
R2 will tend to remain the same because a larger plate 
current flows, the increased tlow of plate current will, 
however, cause @ lager than normal drop across the fine 
resisior(s), reduce the plate voltage, and hence the output. 

if the emission of tube V1 is iow, apparently normal grid 
and plate wltages may 
@ outpu 
is applied since the plat 
the signal 


Distorted Output. Due to > the conimon cathode 


scelinumteds by reducing t 
is fadicated, tt distortion apnea: 


butnot in the grid circuit, either the tube neuds tapiociag 


ot the plate voltage or load is at tout. [f either of coupling 


capacitors C2 or C3 ur leaky, a reduced 


ate voltage 
may be produced because of voltage division effects across 
next stage input fes.store, ond 4 
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below normal, check the associated plate load resistance 


with an ohmmeter and check the coupling capacitor with 
a capacitance checker. 


DIFFERENTIAL PARAPHASE INVERTER, 


APPLICATION. 

The differential paraphase inverter is used to drive a 
balanced push-pull audio amplifier from o single-ended 
{unbaienced) source. It is used in audio amplifier systems 
where high amplification and good balance is necessary. 


equal and out-of-phase outputs. 


: 


Almost full tube amplification is obtainable. 

Circuit is self-balancing with ¢ relatively uniform 
frequency response of 100 to 20,000 eps or more. 

Pentodes are used for high gain and increased high 
frequency response, but uiodes may be used in special 
instances, 


CIRCUIT ANALYSIS. 

General. The differential paraphase inverter uses the 
difference between the two output signals to supply the 
driving signal for the in-phase output. Pentodes are usually 
employed, since their high gain permits reducing the dit- 
Lees signal to such a small value that for all practical 
purposes the outputs can be considered identical. The 
method of obtaining tne difference signal provides an 
effective negative feedback which stabilizes the gain 
through the circuit and improves its self regulating 
properties. 

Cireuit Operation. The following schematic illustrates 


a typical ditferentia! paraphase inverter, fr 


Typical Differential Paraphase {nverter Circuit 
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The input signal is RC coupied through input coupling 
capacitor Cl and grid resistor Rl to the grid of V1. 
Cathode bias for V1 is developed across unbypassed 
cathode resister R2, and through R3, bypassed by C2, for 
tube V2. Screen voltage is obtained from the common plate 
supply source through series screen voltage dropping re- 
sistor R4, and the screens cre bypassed to ground by 
screen capacitor C3, The suppressor elements of the 
tubes are connected to the cathode. Resistive plate loads 
and capacitive output coupling is provided. The output is 
developed across plate resistors RS and R6, ond is applied 
through C4 and CS to the output voltage divider con- 
sisting of R7 and R9 connected in series with difference 
resistor R8 to ground. Resistors R7, R8, and R9 also 
function as grid resistors for the following push-pull stage 
driven by the inverter. 

Tube V1 operates as ¢ conventional resistance 
coupled amplifier, with the unbypassed cathode resistor 
providing a slight amount of degenerative feedback 
to improve the overall response and stabilize the gain. 
In the quiescent condition, with no sijnal opplied V1, the 
cathode current consisting of the sum of the screen current 
and plate current flows through cathode resistor R2 to 
establish the normal bias level. With a steady screen current 
flow, a constant voltage drop is produced across screen 
resistor R4, and together with the screen current of V2, 
is sufficient to drop the plate supply to the desired 
screen voltage value, Since R4 is bypassed by C3, the 
screen voltage remains unaffected by any signal variations 
when the signal is later applied. Any d-c voltage drop 
across plate resistor R5 reduces the plate supply to the 
desired quiescent plate voltage value, and no output is 
produced. In a similar manner, V2 rests in the quiescent 
condition with its bias determined by the sum of the screen 
and plate currents (total cathode current) of V2 through 
separate cathode bias resistor R3, Since R3is bypassed 
by C2, the bias on V2 also will not change with the signal 
later when it is applied. With both V1 and V2 screens 
connected in parallel the same screen voltage is opplied to 
both tubes. Although quiescent plate current flow through 
R6 produces a voltage drop which reduces the supply 
voltage to that desired for the plate operating value, itis a 
steady dc and no output appears from C5. From the 
discussion and ™m examination of the schematic, itis 
evident that V2 also operates as a conventional resitstance 
coupled stage similar to V1 except for the source of input 
voltage. With R7 md R9 connected as a voltage divider in 
series with R8 across the output of V1 and V2, when a 
voltage appears across R8 an input is applied to V2 grid. 
Since the outputs of V1 ad V2 drive a push-pull stage they 
are opposite in polatity and equal, and the effective voltage 
across R8 is zero. However, the bias network is designed 
so that the output of Vl is always slightly greater than that 
of V2, the difference voltage then appears across R8 and 
is the driving voltage for V2 

With the basic conditions now established, assume that 
a sine-wave input signal is applied to the grid of V1. 
During the positive half-cycle of the input signal, the 


CHANGE 1 


0967-000-0120 AMPLIFIERS 


grid of V1 causes an increased plate current flow, and 
produces a negative-going voltage drop across plate 
resistor RS, which is applied through C4 to output voltage 
divider R7 and R8. The portion of negative output voltage 
appearing across R8 is applied to V2 grid, produces a re 
duction in plate current, and the plate voltage of V2 rises 
towards the supply value. Thus, a positive-going output 
is applied across C5 to output voltage divider R9 and R8, 
The output voltage from V2 appecring across R8 opposes the 
output developed by V1 across R8, and all but a small 
fraction of this voltage is cancelled out. This small 
difference voltage is the actual drive voltage applied V2 
grid. 

When the input signal on V1 reaches its positive peak 
and reverses, it becomes negative-going. This negative 
grid voitage on V1 ccuses a reduction in the plate current 
of V1, and the plate voltage rises towards that of the 
supply. Thus a positive-going output voltage is developed, 
which is applied through C4 to output voltage divider R7 
and R8. The positive portion of voltage across R8 drives 
V2 grid in a positive direction, end causes an increased 
plate current flow through plate resistor R6. The voltage 
drop across R6 is negative-going and is coupled to output 
divider RQ and R8 through CS. The negative output voltage 
from V2 cancels all but a small fraction of the positive volt- 
age across R8. Because the plate output of V2 is also 
connected back to the grid by voltage divider R9 and R8, a 
feedback loop exists. Since the output of V2 is always 
out-of-phase with the grid of V2 the feedback is essentially 
negative. Thus V2 is stabilized end improved response cnd 
linearity are obtained. At the same time, this feedback 
ensures that the output of V2 is always slightly less than 
that of V1. Since negative feedback is provided from plate 
to grid, the cathode of V2 is bypassed by C2 so that full 
amplification without further degeneration may be obtcined. 

When the input signcl reaches its negative peak and 
reverses, once again it is positive-going and the initial 
action discussed above for V1] is repeated. Thus alternate 
positive and negative half-cycles of input signal produce 
equal and balanced out-of-phase outputs. The Vi output 
is always out-of-phase with the input, while the output of 
V2 is always in-phase with the input. 


FAILURE ANALYSIS. 

No Output. An open input or output circuit, lack of 
supply voltage, input signal, or a defective tube will 
cause a no-output condition. Check the cathode bias, and 
plate and screen voltages with a high resistance voltmeter. 
If the voltages are normal but no output exists, check the 
input with an oscilloscope. If the signal appears at the 
input but not on V1 grid, coupling capacitor Cl is open or 
Rl is shorted. Check the resistance from grid to ground to 
determine if the input is shorted. If the signal appears on 
the grid but not on the plate, make certain that proper 
screen voltage exists. If C3 is shorted the entire screen 
voltage will be dropped across R4 and no output will 
appear, likewise, if R4 is open no screen voltage will be 
applied either V1 or V2. Loss of screen voltage will be 
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detected during the other voltage tests since both plate 
and bias voltages will be higher and iower than normal, 
respectively. With norma! plate and screen voltdge applied, 
if still no sel appears on the plate, either the tube is 
defective or plat ‘e resistor f is is shorten. Replace the tube 
with a known goo < the value of RS with an 


onmmeter. it 
appear at the sutput, either 
or RZ and Been 1 


If an output appears from V1 but noe from V2, check 
with the oscilloscope for a signai or V2 grid. I: no 
signal aspesr 6 i 
Uppeuss on ine 
at fouls. 
screen, ard plate voitage se ee RS cannot 
be at fault. Replace the tube with a kiewrn goed ane, A 
signal should now at.sear on the t dan ouinut be 
obtained from V2. It no cutput con se obtained either C5 
is open or RG is shorted. Check the capacitance of C5 
with an in-circuit capacitance checker, and measure the 
resistance of RS. Also treasure the resistance from CS te 

ground to determine that a shert dees not exist across the 
output. Such a condition could be caused by a shorted 
grid-to-cathade element in the following push-pull stage. 

Low or Unbalanced Output. Improper bias, low plate 
or screen voitage, as well cs a defective tube can cause 
a reduced output. If return resistor Rl is open or 
becomes high in vciue with age, the srid of V1 sll tend 
to develop a negative bias and block causing reduced cut- 
putifram bothwtubes. ‘Cheek the value afRl with 
If M4 changes te a higher value, tie screen voltage ona out- 
put will be reduced. Check the screen voltage with a volt- 
meter and the resistance of R4 with an ohmmeter. If C3 
is parthally shorted or leaky, the excess current drain 
througn Ré4 will aise lower the screen voltage. It the 
screen voltage rises when C3 is disconnected from cround, 
replace the capacitor. If the emission of either tube is: tow, 
the veltages may show normea!, end signals eppecr on grids 
endplate, eubien 


ister 


iteut secur ‘os 


Gte, Sui reduced)outeut socur becaus: 


A fata 


inability of the tube slate currerit 6 follow the signa 
completely. 


don will 


stet will determi: 
or R3 change in value 


the nalapen att! ales hace ont 


An ot 


1 value the output will be nelow normal, 


y be different for cach of 


these cases, the current will sis change and may make 


yaltana drag 
voltage arop 
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the plate voltage reading fal! within tolerance values. 
Therefore, a resistance check cf the plate resistors wil! 
quickly show if they nave changed in value. Changes in 
voltage divider resistors R7, R&, and RY will change the 
gain, drive, and outsut. Tube V1 auto ts affected mostly 
by RY. Defective tubes in the push-cuil circuit following 
this stage can cause a heavy load with a consequently 
reduced output. When in doubt, replace both the inverter 
and output stage tubes with known good ones and check to 
see if the outcut returns to nermel. 

Distorted Output. Improper bias, screen or plate voltage, 
as well as a defective tube or overdrive can cause distortion. 
Check the bias, piate, and screen voltages with a voltmeter. 
If ail voltages are normal but the output is distorted and 
juw the tubes Ure piobubly defective, sey nein a 
known qood ones, if the distortio: 


signa! is reduced, it is the resuit of toc high a drive atee 

the bias used. Poor balance will also cause distortion. 

Use an oscilloscope and foilow the signal from grid te plate 
through the circuit, and compare outputs. When the distortion 
appears the cause will be found in the parts associated 

with that portion of the circuit. 


CATHOOZ FILLUWER, 


APPLICATION, 

The cathode follower is used for two purposes: To 
isolate the output of a critical circuit from the loading 
effects of a circuit to which the output is fed; and to match 
the output impedance of a signal source to the input im- 
nedance of a load circuit. Soth purposes are accomplished 
with an absolute minimum of distortion of the input signal. 


CHAK ACTERISTICS. 

Utilizes a single-staye deyenerative amplifier, to 
furnish an output which appears across an unbypassed 
cathode resistor. 

Input impedance is high; no grid current flows. 

Qutout impedance is low; output signal is in phase with 
input signal. 

Outout voltaye gain is less than unity: output exhibits 
a power yain, 


Operated Cla, 


Auattan 
duction 


CIRCUIT ALALY 
General. In the basic circuit shown in the accom- 
panying illustration, 2 tr ¢ is used, but a ventode 


circuit the cathode bypass capac. itor is absent, and the 
plate is tied directly to the supply voltage, +Enp. The 
input si+ applied through coupling capacitor 21 t 

the yrid of the tube, V1, and the urid is returned to yrouna 
i th oyalun d resister, 2} Ths 


hvala grid resister, ad, The 


output is taken across the cathode resistor, 32, and since 
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INPUT 


OUTPUT 


Basic Cathode Follower Circuit 
this resistot is unbyoassed, the output signal voltaye is a 
direct function of the plate current which flows through this 
tesistor, As the input signal rises, or yoes in a positive 
direction, the plate current increases, causiny an increased 
voltage drop across the cathode resistor. As the input 
signal falls, or goes in a negative dueaiiat the piate cur- 
Tent decreases, causing & decrease in a voltage d 
the cathode resistor. Thus the output signal follows the 
input signal, both in value and in polarity, although the 
actual (voltage) value of the output signal is somewhat 
less than that of the input sigaal. 

Circuit Operation. In the basic cathode follower cir- 
cuit, under conditions of no signal input to the arid, 3 
cettuin amount of plate current flows through the tube be= 
cause of the positive potential applied to the plate from 
the plate supply {Epp}. This plate current flows through 
the cathode resistor, R2, and the resultant voltaye dre 
across R2 establishes the no-signal bias ievel, wi 
ytid effectively at zero {eau potential, and the o 
at some positive (above ground) potential. 

‘When a positive signal is applied to the yrid, the re- 
snlting increase in plate current through cathode resistor 


node 


re positive. In tike 1a: 


Sto the ure) causes ie pine Tuite Hus 


opphe 


cathode Tesistor 2 to decrease, moakify the cai 
positive, 
a variation in plate current throu 


Mie $8: 


Pus (he SiG vabistivn vt 


deveiops me 
phase with the input signal, subtracts trom the input signal 
during the positive half cycie, and adds to the inout sit 

g the negative half Tr g change in bias 


in both cases reduces th 


as yoitaye. 


a 


goleaua, sroduoina: 4: 
voltage, broaucing a: 
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this reason, the voltage yain of a cathode follower is always 
less than one. 

Cathode followers are normally operated with the grid 
negative with respect to the cathode under conditions of no 
input signal. The input impedance is high, and remains 
high when on input signal is applied. When a positive signal 
is applied to the arid, the degenerative action increases 
2 grid 
tlow. T! is the same result that would ve vbtuined if 
tne input pes had been increased. When o negative 
signal is applied to the grid, no grid current can flow, even 
though the grid bias is decreased through the degenerative 
action. Thus the input impedance remains high. As a 
result of this high constant input impedance, the cathode 
tollower presents oc negtigibdle ioacing effect to the circuit 


bius to such ai extent that no grid ¢ current will 


f 


The effective input capacitance of a cathode {cllower 
3 low, compared to that of a conventional amplifier. This 
deslte from the fact that the deyonerative action reduces 
tne ampittude of the d-e component ot the 
voitage, and tius causes less cur 
tube capacitances. 

The output impedance of a cathode follower is low; 
because of this fact there is a minimum of amplitude dis- 
tortion of the output signal, under normal operating condi- 
tions, even though current is drawn from the output ter- 
minals. However, if the amplitude of the input signal is 
high enough to swing the voltage at the grid too far positive 
or neyative, the tube may be driven to saturation or to cut- 
off, respectively. When either of these points is reached, 

t 3, and any further change not 
signal will not appear in the output waveform. The output 
siqmal will thereby be distorted with respect to the input. 

Occasionally, a cathode follower circuit may be en- 
countered which is actually designed to operate partially 
in the region of cutoff. In radar circuitry, video and trans- 
mitter trigger pulses, which may be positive pulses, might 
be appliedto a cathode foliower which is biased near cut- 
off. Aso result, the cathode follower will pass the signal 
kt normal cathode follower fashion; ct the same time it will 
clip any negative transients which may be presen 
input signal, and, in addition, it will eli 
vility of aay d-c loading etiects by allowing iy only the siy- 
nal voitayes 10 be present actuss the Suigut cathode ¢ 
sistor. Although this type of circuit may be termed a cath. 
ode sallawer circuit (because the output is taken irom across 


shali foliow the 


fa citcuit, sometim 


a the take ts 


he cathode 


follower may be modified as shown in the accompanying 


illustration. 
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Modified Cathode Follower Circuit to Prevent Negative 
Peak Limiting 


In this modified cathode follower circuit, the grid resistor, 
Al, is returned to a positive (above yround) potential at 
the junction of a two-section cathode resistor composed 

of resistors R2 and R3. The value of the positive potential 
(the relative values of R2 and 33) is determined by the 
anticipated input voltage level. By returning the grid re- 
sistor to a tap on the cathode resistor in this manner, the 
gtid bias is reduced by the amount of the voltage drop across 
tesistor 33. Theretore, the input signal can swing toa 
greater negative value without driving the tube to cutoff, 
than it could had the yrid resistor been returned to ground 
potential, In addition, the input impedance of the circuit 
is incteased to a very high value. 

A further modification of this circuit is frequently used 
as a wide-band cathode follower. This circuit, shown below, 
contains an input coupling capacitor, Cl, and a resistor, 

RA, of small value in the plate circuit for decoupling pur- 
poses. Wide-band cathode followers find extensive use 
when application requirements demand power amplification 
over an extreme range of audio frequencies, from 70 to 20,000 
cps, such as in high-fidelity audio circuits. In the circuit 
shown below, these requirements may be met by the use of 

a single triode section of o type 12AT7 twin-triode, with 
values of Cl = 0.01 yf, Rl = 1 megohm, RZ = 180 ohms, 

3 = 820 ohms, and R4 = 47 ohms. Other values would of 
course be required with other tute types. 

The voltage gain (V.G.) of a cathode follower, when a 
triode~type tube is used, is given by the following equa- 
tion: 


“s BRy 
r+ tl) Re 
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sihen a pentode-type tube is used, 2 is large and the term 
+ l may be reduced to #. The equation for voltage gain 
(¥.G.) may then be reduced to: 


V.G = is 


atop Re 
an 


The output impedance (Zout) of a cathode follower is 
given by the following equation: 


Py 


Lat = — 
Om Re + 1 


R4 


+E gy 


cl 


INPUT 


OUTPUT 


Wide-Band Cathode Follower Circuit 


Other modifications of the basic cathode follower cir- 
cuit are often encountered in radar and communications cit- 
cuitry. These modifications are included in the following 
illustrations, which show four circuit variations of cathode 
followers. In part A, a fixed negative bias is applied, from 
a power supply, to the grid of a triode at 9 tap on the grid 
resistor which is composed of Rl and R2. The output is 
token across the cathode resistor, R3. The negative bias 
applied to the grid, together with the bias developed across 
the cathode resistor, establishes the initia! operating point 
on the grid voltage-plate current (Eg-I,) characteristic curve 
of the particular triade used. The value of negative bias 
applied depends upon the value of input signal to be handled. 
This is particularly true in applications where the input 
signal consists of a series of positive pulses with the in- 
terval between each pulse relatively long as compared with 
the pulse width. For example, if a positive input pulse 
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Cathode Follower Circvit Variations 


cea of 4 volis with inst 


having an 


values 


iunecus pean 


lower circull 
appears at the inpat grid of the tube would setue down io 
an average o-c value of C voits, with mest of the pulse 

appearing above this average value. ‘This is shown in the 
follewing illustration, with the input signe! shown in part 


t, thi peak to 


bigs of — 


A and the signal volta je which appears at fieineut grid 
oe pa 
shown in Dart By 


ORIGINAL 


6-A-9 


with c given plate voltage, andthe 


occurs st 


as shown in port D of the illuswation. If the value of 


ot 
Tf, for a given te ibe, tes canter of the 

the & |-T. curve occurs at -3 vous 
input signal is a volts 


peck with the pulse waveicim os shown, ¢ 
7 volts on the tube would be necessary 


‘usplace the average value of the signal so that its geometric 


mcurs at — S volts ( 


center of the E.-[, curve), 


the 


$ such that, wnen tube is oper 


mired 1s equal to 


det iG 


—4 vulis. 
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In pat B, a triode-connected pentode tube is used, with 
fixed negative bias gpplied to the grid in a manner similar 
to circuit A. Since the power-handling capabilities cf pen- 
todes are substantially higher than those of conventional 
triodes, considerable power output may be obtained from 
such a circuit. Otherwise, operation of this circuit is gen- 
erally similar to that of circuit A, with the addition of the 
screen resistor, R4. This resistor serves to decrease the 
voltage at the screen grid slightly below the plate voltage, 
in order to keep the screen dissipation within the oper- 
ating limits of the tube. When certain tubes are used, or 
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when the plate is operated considerably below the maximum 
tated voltage, this resistor may be omitted. Since no bypass 
capacitor is used between screen and ground, the plate and 
screen currents vary with the input signal, and the tube 
operates as a triode. 

In part C, a twin-triode is used as acathode follower, 
with both sections connected directly in parallel. The use 
of a twin-triode doubles the power output over that of a 
single tube section, and in addition provides some measure 
of assurance of continued output, even though reduced in 
value, in the event of failure of oneof thetriodes. Theoper- 
ation of this circuit is similar to that of circuit A, with a few 
exceptions. A fixednegative bias from a power source is 
applied through resistor R4 to the grids of both triode 
sections at a tap on the gridresistor which is composed of 
Rl and R2. Resistor R4 provides isolation between the 
grid circuit and the bias voltage supply. The actual bias 
voltage avilable at the grid will be somewhat reduced, how- 
ever, because of the voltage divider effect of R2 and R3. 
The input signal is applied directly to both grids, which are 
connected in parallel, although in some cases resistors of 
low ohmic value, used as parasitic suppressors, are connec- 
ted between the input and each grid to suppress intermodu- 
lation effects between the two tube sections. This effect is 
a result of slight differences in electrical characteristics, 
such as cathode emission and transconductance, be tween 
the two sections of the tube. The output from the circuit 
is taken across R3, which is the cathode resistor common 
to both sections. 

In part D, a pentode tube is used, connected as a con- 
ventional pentode. Fixed negative bias is used, as in circuit 
A. Screen capacitor C2 maintains the d-c voltage at the 
screen relatively constant with variations in input signal. 
As a result, the power output obtainable across cathode 
resistor R3 is somewhat greater with this pentode-connected 
circuit than it is using the triode connection in circuit B, 

In part E, a triode-connected pentode tube is used, al- 
though a triode could be connected in an identical manner. 
In this circuit the grid return is composed of resistors 
Rl and R2, with R2 providing additional isolation between 
the input circuit and the tube, and also serving as a grid 
current limiter. A coupling capacitor, C2, is also employed 
in the output circuit, to block the d-c component when only 
the a-c signal output is desired. Plate supply isolation 
may be employed, by means of the decoupling filter com- 
posed of C3 and R4, which in addition helps to prevent 
variations in the voltage at the plate and screen during 
positive peaks of the input signal. 

Another variation of the cathode follower circuit may be 
encountered in some equipments, where the cathode resistor 
and output coupling capacitor are physically located in an- 
other chassis, and are connected by means of interconnec- 
ting cables. In order to protect the tube against a possible 
voltage breakdown between cathode and filament, in the 
event of an open cathode circuit caused by a disconnected 
or broken cable, an additional resistor of a substantially 
higher velue of resistance may be employed directly at the 
cathode connection of the tube. Since this resistor is con- 
nected in parallel with the main cathode load resistor, its 
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presence will not affect the output during normal circuit 
operation. 


FAILURE ANALYSIS, 

No Output. If an input signal is being supplied, an open 
coupling capacitor C] in the input circuit or an output 
coupling capacitor, if used, would interrupt the circuit 
output, as would also an open cathode resistor K3 or a 
shorted plate capacitor C3. (Refer to Cathode Follower 
Circuit Variations, circuit E.) Failure of the plate (and 
screen) power supply, or an open plate decoupling resistor 
R4, if used, or a defective tube, would also be responsible 
for a condition of no output. 

Reduced or Unstable Output. If a normal input sianal 
is being supplied, a wenk or intermittently shorted tube, or 
leaky input or output coupling capacitors may be ie cause 
of reduced of unstable output. A reduction in the applied 
plate (and screen} voltage will cause tne output to be re 
duced, while an unstable supply voltage will cause unstable 
output signal omplitude. A change in grid bias, brought 
about by a changed value of grid resistors R1 and RZ, or of 
cathode resistor 93, will also affect the output signal, and 
may distort the signal by biasing the tube nearly to cutoff 
or to sdturation. 


LOW-LEVEL VIDEO CATHODE FOLLOWER. 
APPLICATION. 


The low-level video cathode follower is used to match 
the cutput impedance of a iow-ievei video source, such cg 
a video limiter, to a low-impedance transmission line, with- 
Gut deteriorating the waveform of the video signal. 


CHARACTERISTICS. 

Positive output signal is in phase with the positive 
anput signal, 

Input impedance is nigh; no grid curreni Hows 
the designed operating range. 

Output impedance is iow; values shown qive an actual 
cutput impedance of 100 ohms. 

Output voltage gain is less than unity: vaiues 
tive an actual gain of approximately 0.5. 

Class A output gives undistorted reproduction 
signal within designed onerating range. 


shown 


CIRCUIT ANALYSIS. 

General. In the circuit shown in the accompanying 
illustiation, type S670 twir-trose : 
sections connected in paraliel. Actual values of re: stance 


end capacitance usen in ths 


sed, with OCth 


UCuit ure SHOWN 


tion; these values govern the input and cutput limits anc the 
opetuiing level discussed uncet © 
pacitor is used in the quid ci 
directly to the plete supply voltage, +Enp. The atids are 

retumed, through arid resistor R], to afixed negative bias, 
Eee, fro 3 voltage divider composed of R2 and R3, which 
a tec froma 3 -150V bias supply. 
paralleled cathodes actos: 
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sistor R4 acts as a parasitic suppressor to prevent inter- 
modulation between the two triode sections, due to slight 
variations between them. 

Circuit Operation, This circuit is designed to accept 
a positive input signal, and reproduce it without distortion 
in the positive output signal, Under normal operating 


+Eby 
(+ 150v} 


{-180¥) 


Low-Level Video Cathode Foiiower Circuit 


conditions, the circuit will handle on operating level of 2.2- 
volt positive ae she and =o an output level of 


2.0 volts. T! 
tegion of the type 5670 tbe, und 
imum that can be obtained using 
tis approximate: apt <A 

The wy put signui 1 SpIES ui 
Ci to the grid of section 1 of a type 5670 twin-triade, an: 


through Suppressor fesistor 4 to the grid of section. 2. 


cite; 
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ling circuit. For small values, the percentage of droop is 
equal to the pulse length divided by the RC time constant: 


pulse length 


Rous) X  Ciraraps) 
For example, for Values ot Cl = + OSuf and Rl =} 
meg, and a pulse length of 500 psec, 


(seconds) 


300 x 10-6 


% = a 
ST ie eee ee 
FAILURE ANALYSIS. 

No output. Assuming that a signal of the proper positive 
value is opplied at the input to the video cathode follower, 
the primary cause of no output may be a defective tube. If 
the tube is found to be operational, an open coupling cap- 
acitor, Cl, would interrupt the operation of the circuit. An 
open resistor R3 in the grid bias voltage-divider circuit 
would allow the full value of the -150-volt bias voltage to 
be applied directly to the tube grids, cutting off the tube. 
Failure of the plate supply voltage would interrupt opera- 
tion of the circuit, as would also an open-circuited cathode 
resistor, R5, provided that there is no continuous d-c path 
paralleling RS in the output circuit. 

Reduced or Unstable Output. With a proper positive 
input signal present at the input to the video cathode 
follower, aleaky (partially shorted) grid coupling capacitor, 
Cl, may be responsible for a severely distorted output. This 
leaky condition, acting as apartial short, would allow any 
value of d-c voltage which is present at the input to be 
applied to the grid of the tube. This voltage would appear to 
the tube as a change in grid bias, and shift the operating 
point on the tube's Eg-Ip characteristic curve into either 
the cutoff or saturation region, An open grid resistor, Rl, 
may cause the tube to ’block’’, or to ‘‘motorboat”, or to 
exhibit no effect other than a distortion of the output wave- 
form. With an open grid resistor the tube may ‘‘block’’ be- 
cause the grid coupling capacitor, Cl, has no readily avail- 
able discharge path, and may gradually accumulate a negative 
charge, sufficient to cut off the tube, through grid current 
on the positive peaks of the input signal. Intermittent con~ 
duction of the tube, or ‘‘motorboating’’, may result if leakage 
through Cl allows C1 to discharge down to the point where 
the tube is momentarily ‘‘unblocked''. In some cases of an 
open grid resister, no immediately discernible symptoms will 
be evidenced other than a distortion of the output waveform. 
This may be caused by the grid ‘‘floating’’ at some inter- 
mediate value and the input signal continuing to be coupled 
through by the capacitive voltage divider action of coupling 
capacitor Cl ond the grid to cathode capacitance of the tube. 
Since the interlectrode capacitance of the tube is very small 
as compared with the capacitance of C1, most of the input 
signal will continue to appear across the grid and cathode, 
and the tube will react in very nearly a normal manner. Should 
resistor R2 in the voltage divider network be come open- 
circuited, the fixed negative bias from the -150V power 
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supply would not be applied to the grid. As a result, the 
input signal may be sufficient to drive the tube to saturation, 
seriously distorting the output on the positive peaks of the 
signal. If, on the other hand, resistor R3 became open- 
circuited, the full value of —]50 volts from the bias power 
supply would be applied to the grid, and the tube would be 
driven far beyond cutoff. Reduced output may also be traced 
to an open parasitic suppressor resistor, R4, which would 
cause one triode section of the tube to be without an opplied 
input signal, reducing the output to half the initial value, 
with a possibility of distortion on the most positive 

portion of the input signal due to reduced bias. The re- 
duction in bias would be the result of the “blocked’’ grid, 
causing a reduction in current flow through the common 
cathode resistor, and hence alower value of voltage drop 
across the common cathade resistor. If the cathode resistor 
should change in value, because of age or overload, the 
output voltage would be changed accordingly. 


PULSE CATHODE FOLLOWER. 


APPLICATION, 

The pulse cathode follower is used as an isolation stage 
between a critical circuit and the circuit which it feeds as 
a load, while at the same time preventing any loading 
effects from appearing at the output of the critical circuit. 
This is accomplished by means of the cathode follower’s 
characteristic of a high input impedance anda low output 
impedance. 


CHARACTERISTICS, 

Output signal is in phase with input signal. 

Input impedance is high: no loading effects are reflected 
at the output of the previous stage. 

Output impedance is low: considerable power may be 
supplied to the output load circuit. 

Output voltage regulation is good, due to low output im 
pedance, even though the input signal may have poor voltage 
tegulation due to its high impedance, 

Input capacitance is low: approximately 2.5 uu exclud- 
ing capacitance of circuit wiring. 

Rise time response is fast: approximately 0.02 usec. 


CIRCUIT ANALYSIS , 

General. In the circuit shown in the accompanying 
illustration, 0 single triode section of a typical twin-triode 
such as a type 5814A, is used, Actual valuesof resistance 
and capacitance used in the circuit are determined by the 
operating characteristics desired, and are therefore not 
given in the diagram. Typical values used to produce 
specific operating characteristics, and a discussion of the 
effects produced, are given under Circuit Operation. An 
input capacitor, Cl, is used in the grid circuit, and the 
grid is returned to ground through grid resistor Kl. Plate 
voltage is supplied directly from the supply voltage, Enp, 
and the output is taken across the unbypassed cathode 
resistor, R2. 

Cirevit Operation. The pulse cathode follower illus- 
trated above, using an input capacitor (C1) of 0.047 ul 
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+ Esp 


VIA vis 


INPUT Ri 


R2 OUTPUT 


Pulse Cathode Follower Circuit 


and q grid resistor (Rl) of 880K, with a type 5814A tube 
(one triode section), has a very low input capacitance of 
approximately 2.5 ;yuf, and a fast rise time response of 
0.02 yzsec. The rise time is in large part dependent upon 
the transconductance of the tube and its associated inter- 
electrode capacitances. A typical rise time of 0.02 usec 
or 6.03 psec is satisfactory for most 12: 
timing applications. 

The transition time of the neyative-yoing edyes of pulses, 
such as the fall time of a positive culse or the rise time 
of a negative pulse, is increased by a cathode follower. 
This transition time depends upon pulse amplitude, while 
the positive-going edges of Buses are unappreciably af- 
fected by oulse amplitude. This is due to the fact that the 
tube transconductance is of a toes value durin: the 
fall of the pulse than during the rise of the pulse. The tube 
is nearer cutoff during the fall of the pulse; transconductance 
is at a low value and the combination of pulse amplitude, 
Capacitance, and the value of cathode resistor all com- 
bine to determine the tall time. The neyctive transition 


oer 
T pse 


time may be improved by the use of a neyative voltage con- 
nected to the cathode resistor, from a negative power supply. 


tow a high: 


he tube will draw a Ragner value of 


state, compared to ¢ simila 
Sle ghaund, 


IL this is done, 
Curtent in ils quiescent 
having its catnode fesisior 7! 
native, the retumed end of the gad Tesistor may be connected 
to a tap on the catnud jue Wiad sl 
plate current is now drawn by the tube when quiescent, 
its operating point is aporeciuily removed {roi 
the tube’s transconductance i 
and the fall time, or negative transition time, is thereby 
decreased. 

Additional capacitmee in the output circuit nas on 
ettect on the neyative transition time, as shown in the fol- 
i illustrat on be seen that tne capacitance in 


ould be Kept to a mi 
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Effect of Additional Guiput Circuit Capacitance on Nega- 
tive Transition Time 


The over-all effect of a cathode follower on the transi- 
tion time of positive and neyative pulses, and a visual de- 
finition of transition time as applied thereto, may be better 
understood by referring to the following wavefor:s illustra~ 
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Follower 


out and nab limits, output 
imcedaice; tise and! 1] times, for a le triode section 
of type 5814A twin-triode operated with plate voltages of 
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4159 and +300 volts and cathode resistance 
are given telow. 


Ry (ohms) 10K 10K 22K (-150¥)} 
Epp (volts) 150 300 300 

Voltage yain 9,87 o87 29 

Input limit 

(volts) Oto70 Otol70 -100 to +180 
Output limit 

(volts) Oto 6l 0 to 148 -90 to +162 


Output imped- 

ance (ohms) 

for 20-volt in- 

put pulse 300 429 300 


Rise time (sec) 0.02 0.02 0.02 
Fall time (sec} 

for 20-volt in- 

put pulse with 

added 15 uf 0.2 0.15 0.05 


The output impedances given above were measured with 
a load of such value as to reduce the output voltaye to 
one-half the value of the no-load voltage. The effective 
output impedance for large values of siynal depends upon 
pulse polarity. As shown above, when a cathode resistance 
of 22K returned to -150 volts is used, the output impedance 
is 300 ohms for a positive pulse. For a neyative input 
pulse, however, the output impedance is epproxinately 
1490 ohms. Note the marked improvement in fall time and 
the increased signal handling capacity uained by returning 
the cathode-resistor to a negative supply. 


FAILURE ANALYSIS. 

No Output. The input circuit should be checked to 
insure that an inout signal is being applied to the pulse 
cathode follower. The tube should also be checked to in- 
sute that it can function properly under normal conditions. 
If the input signal is present and the tube is yood, an open 
coupling capacitor, Cl, would prevent the siunal fron 
teaching the tube. If this capacitor were shorted, any value 
of d-c voltaye that may be present at the input terminals, 
from the previous staye, would be applied to the grid of the 
tube, and would seriously affect its biasiny level. af 
ficient or no voltage at the plate of the tube, due to failure 
of the power supply, would obviously result in no output. 
Another cause may be an open-citcuited catnode resistor, 
R2, assuming that the output circuit has no continuous d-¢ 
path which could act as a cathode resistor by patalleling 2, 

Reduced or Unstable Output. If it has been ascertain- 
ed that a normal input signal is present at the inout to the 
sulse cathode follower, several conditions could contribute 
to a faulty output. A leaky coupling capacitor, Ji, vould 
effectively lower the input impedance by providin y a path 
of lower resistance in the grid circuit, thus chancing the 
Operating characteristics of the tube. Any d-c voltaye pre- 
Sent at the input would appear at the yid, thereby changing 
the bias. If this voltaye is oositive and of a sufficient 
value, the tube may be driven to saturation, resulting in 
severe distortion of the output signal. An open “rid resistor, 
Rl, may cause the tube to “block’’, or to ‘!miotorseat’’, or 
to exhibit ao effect other than a distortios of the output 
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wavetorm. (Fora mere detailed discussion, rei 
FAILURE ANALYSIS section of the nrevis cuit: Low- 
Level Video Csthode Follower.) A change in value of 
cathode resistor R2, due to aying and/or excessive current, 
may be the couse of reduced output. A reduced value of 
plate voltage, due to partial fcilure of the pawet supply ot 
to excessive loading of the supply by some other defective 
citcuit, may also be responsible for a reduced value of 
output from pulse cathode follower. 


VIDEO AMPLIFIERS 

The video amplifier is similar to other types of electron 
tube amplifiers, except for its frequency and phase response 
requirements. ‘In radar applications, responses of from 30 
cps to 8 mc are necessary, and for television, responses of 
at least 20 cps to 4.5 mc are required. Such a response re- 
quirement means that the drooping gain characteristic of 
conventicnal amplifiers at low and high frequencies must 
be compensated for to produce a broad or relatively flat re- 
sponse over the required range. To increase the high-fre- 
quency response, shunt-peaking and series-peaking circuits 
ate used {see Section 2, paragraph 2.5.2 for an explanation 
of R-L peaking circuits). To increase the low-frequency re 
sponse, bass-boost circuits are needed. Where frequencies 
lower than 10 cps must be amplified, d-c coupling may be 
used. Generally speaking, cathode-follower outputs are 
used to furnish positive video, while negative outputs are 
ebtained by biasing the final video amplifier near cutoff. 
Thus, the CRT tube may be driver. by negative video applied 
to its cathode, or by positive video applied to the grid. The 
video can be chenged in polarity by using an additional 
stage of omplification. For example, in receivers, if one 
amplifier stage follows the detecior, the detector output 
polarity is inverted. If two stages follow, the polarity is 
the same as that of the detector. A third stage wil] again 
invert the signal. In addition to the frequency-response re- 
quirements, itis important that the phase relationships of 
the signal be retained, Otherwise, phase distortion will 
cause an undesired change in the video waveform. In re- 
ceivers, where the CRT requires only 35 to 70 volts for 
drive, one- or two-stage video amplifiers are standard, and 
ttiodes or pentodes are used, For amplification of the weak 
camerd signal or for transmission between units of equip- 
ment, chain amplifiers consisting of a number of stages are 
in common use. Either self-bias or fixed bias may be used, 
and the plate voltage is usually low (from 105 to 150 volts). 
Circuit discussions of typical video amplifiers follow. 


TRIODE VIDEO AMPLIFIER. 


APPLICATION. 

The video amplifier finds extensive use in television cir- 
cuits, where actual '’picture video'’ signals cre amplified; 
in radar circuits, where wide ranues in frequency must be 
handled; and in communications where a numuer of voice- 
frequency channels are successively ‘‘stacked’’ in fre- 
quency, one above the other, to occupy a complete §-meya- 
cycle channel. 
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CHARACTERISTICS. 

Class A operation is utilized to insure an outout which 
is a faithful reproduction of the input signal. 

Polarity of output signal is inverted over that of input 
signal, 

Frequency response is broader than that of a standard 


Row ceupled amalifier 


Input signal may 
negative polarity, or both. 


CIRCUIT ANALYSIS. 5 
General. At low frequencies ,the gain of an ordinary 

R-C coupled amplifier decreases rapidly as the frequen 

decreases, because of the correspnadiny increase in reac! 


afice of the inout coup. 


fo fe 
te 


Rapacitor wiki ou 


quency, The incteased reactance causes ¢ ‘yrester sro- 
portion of the input signal voltage to drop across the capa- 
Citor, leaving a smaller proportion of the input signal to 
appear at the input to the luve, uerass the gu 
In addition, bypassiny of the cathode resister becomes less 
effective for the same reason, resulting in degenerative 
effects and further reducing the gain. This loss of gain at 
low frequencies may be partially overcome by the use of a 
loryer value of coupliny capacitance. If, however, too 

large a value of coupling capacitance is used, the hiyh~ 
frequency Tesponse may be adversely affected. 

At high frequencies, the yain of an ordinary R-C coupled 
amplifier also decreases with an increase in frequency. 

This is due to the capacitive effects of the wiring, the tube 
and socket, and inierelectiode capacitance itself, all of 
which effectively add capacitance across the plate load, 
from the plate of the tube directly to ground. This stray 
capacitance , Ca, acts as a bypass capacitor in the piate 
circuit in parallel with the output voltage, bypassing the 
higher frequencies. As the frequency is further increased 
the gain continues to fall, eventually reaching o point where 
the amplifier circuit no longer amplifies. 

In order to counteract this action and extend the ampli- 
fication range in the direction of increasing frequency, the 
plate load resistance must be decreased. As an approxi- 
mation, the response may be extended from a given limiting 
value, such as 10 kc, toa value ten times as great (1 mc) 
by decreasing the value of the plate load resistor tn tne same 

roportion, such as from 220K to 22K. However, by so doing, 
the over-all yal ns the amplifier, including the middle and 
: é 


ihis i9s5 


is e ieaiee d ora 
fication, 

Clrevit Operction. (he schemauc snown Deiow 
trates ¢ triode video amplifier circuit. The input signal, 
composed of video puises ot either po 
polarity, is applied to the arid of the 
coupling capacitor Ci. The grid is returned to ground throuyh 
arid resistor The combination CIR} forms an R-C 
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Triode Video Amplifier Circuit 


voltage appears actoss qtid resistor R1 and is thereby ap- 
plied to the grid of the tube. But, as the frequency de- 
creases, the reactonce of Cl increases according to the 
formula: 


Ker = 4 
2mtC, 

As aresuit, the effect of Cl is no lonyet negligible; its 
teactance and the resistance of A] form a voltage divider 
across which the inout voltaye is epplied. The voltaye 
drop across Ci is lost, for uli plactical purposes, and on! 
that value which appears across Rl is effective at the grid 
of the tube. The voltaye drop across Cl may be reduced 
ty increasing the canacitance of C1, whicn will decrease 
actance, tat the extent to which Cl can be iacteased 
is limited because an increase in physical size tesults in 
‘on increase in stray capacitance. the stray capacitance, 
in turn, acts in the Same manner as 4 bypass capacitor In 
tn decrease the gain at the high frequen- 


fine strautt. te 
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Jin ine Giode videu aol 


abtained ny 1 ng the voltage uruf 


resistor. Since the tube 


eotied 
age is developed actos 
obtain ¢ steady value of yrid bias voltaue, these signal 
variations must be bypassed around the bias resistor by 
means of o t i cathode bypass 
capacito: Cz, must ve low, 
in order lo provici 


he alternating 


quency amplifie 


ELECTRONIC CIRCUITS NAVSHIPS 
which may be required to pass frequencies much lower in 
value, the capacitance of the cathode capacitor C2 must, 

in many cases, be mucn greater, such as 199 microfaracs 

of more. As a yeneral rule, tne time constant of RZ and 

G2 must be long in comparison to the period of tne lowest 
frequency to ve passed by the video amplifier. In order to 
provide effective bypassing for the a-c comoonents of the 
signal around the cathode resistor, the value of canacitive 
reactance at the lowest frequency to be amplified is yenerally 
accepted to be one-tenth (or less) the resistence value 

of R2, 

The value of plate load resistor R3 has a controlling 
effect, not only on the yain of the amplifier, but on its 
frequency response as well. The yain increases with nlyhe 
values of plate load resistance, but the banJoass of the 
circuit becomes less. Conversely, lower values of plate 
load resistance will decrease the yain of the an 
but will extend its frequency response. This is illustrated 
in the following diagram, 
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Effect of Value of Ri on Video Amplifier Bandpass 


The value of the plate load resistor may be decreased 
down to approximately 1.5K in some applications ether 
extensions of the frequency ranye require the use of high- 
frequency and low-frequency compensating networks. 

Stray (or distributed) capacitance, due to the capacitance 
of the circuit wiring and the interelectrode capacitance of 
the tube, is a cause of poor high-frequency response, and, 
therefore, distortion. The distortion of the output wave- 
form, as a tesult of poor hiyh-frequency response, is shown 
in part C of the following illustration, while the input wave- 
form and the ideal output waveform are shown in parts A 
and B, tesvectively. If the parallel combination of the 
plate resistor, R3,and grid resistor Rg of the following 
stage allows the stray capacitance, Cg, to charge and dis- 
charge quickly, the output will show little or no distortion. 
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Intercircuit Waveforms 


If, however, R3 and Rg are large values of resistance, Ca 
will require a relatively long time to charye of discharye, 
and the steep sides of an applied square «ave will be dis- 
torted, as shown in part C of the illustration. 

This condition may be overcome in one of two ways, 
The first is to reduce the size of Cg by using special ampli- 
fier tubes with low values of input an2 output capacitance 
between the lead wires and ground. The second is to de~ 
crease the time required by Cq to charge or discharge. 
This can be accomplished by reducing the value of 33 or 
Rg. If Rg is reduced, however, the low-frequency response 
will suffer. If 23 is reduced, the yain of the staye will be 
teduced in turn, but this may be overcome by using addi- 
tional stayes of amplification. 

The decreased response at hiyh frequencies is caused 
principally by the shunting effect of the distributed capaci- 
tance of the circuit and the interelectrode capacitance 
of the tube, which together act to reduce the impedance of 
the plate load. This effect may be compensated for, aad 
the high-frequency ranye may be extended, by the addition 
of 3 small value of inductance, LJ, in series with plate 
resistor R3, as shown in part A of the followiayy illustration. 
This inductance serves to boost the response of the high 
frequencies, while having practically no effect upon the 
lower frequencies. The boost in response at bish frequen- 
cies is due to the high inductive reactance of tne induct- 
ance, Ll, which produces aback EMF, resulting in a 
sharp peak at high frequencies, as shown in patts D and 
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A. SHUNT COMPENSATION 


Triode Video Amplifier Frequency Compensation Circuits 


E of the illustration. This sharo peak, of introduced dis- 
tortion, will counteract that caused by the stray capacitance, 
and the resultant output will be almost 2 pure square wave, 
a8 shown in part FL At low frequencies, the indu' tye 
Teactance ut the inductance is 
ae on the circuit. This :nethoa, known a 
is ssdginos woen the moxime 
d there are only 1 few sta 


Sth 


cae 

Another method of compensating for this effect, kn 
mpensation, is shown in part B above. In 
ne 103, a suall value of inductance, L2, i 
en the olote ad ni autput to the Hala 


wal 


connected 


staye. 
capacitance of the £ 
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eteti This results in aa jncteases Veilaye at the ingul 
to the following stage, and, therefore, an increase in gain. 
The advantages of coth of the above methois ay be 


eonbined to a single Chet Tig circuit, « 
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t eifect of t: 
The decreased response at Tow frequencies :s causei 
ptinciaally by the incteased reac nce of the inout couphiay 
which reaches an aporeciaije v: 
v 200 cycles. This - 
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©. SERIES-SHUNT COMPENSATION 


of a cacacitor, C3, and a resistor, Rd, connected into a 
filter circuit as shown below. The filter, connected in 
seties with olate load resistor R3, accomplishes two pur- 
poses: 


R3 


R2 R4 


into the plate circuit which 


Oulput Coupling ciz- 
the setleaibe¢ aiste ined impedance 
atains the low-frequency 
At low frequencies R4 
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be high, thereby preventing any shunting effect. At high 
frequencies the reactance of C3 is lower, causing the sig- 
nal to be shunted around R4, effectively removing R4 from 
the circuit. In this manner the plate load becomes lower 

at high frequencies, and the high-frequency response will 
not suffer. 

Frequency response is an important consideration in 

video amplifiers, but it is not the only one. Phase distor- 
tion, which can be tolerated in an audio amplifier, is capable 
of destroying the image on a cathode-ray-tube screen. 
Phase distortion is produced when the time or angular re- 
lationship of electric waves to each other changes as they 
Pass through any electrical system. As an example, con- 
sider the wave shown in part B of the figure below. 


A B 
Composite Waveforms of Fundamental Plus Third Harmonic 


This wave is actually composed of a fundamental frequency 
in combination with its third harmonic, as shown in part 

A of the illustration. If the effect of the circuit on each 

of these two waves is different, the two waves may appear 
as in part C of the illustration, where the third harmonic has 
changed its position with respect to the fundamental. That 
is, its phase relationship has changed. The resultant of 
these two waves will now assume the shape given in part D 
of the illustration, which is certainly different from the origi- 
nal waveform shown in part B. 

At low frequencies, the phase of the voltaye at the grid 
of the amplifier is governed by the amount of opposition 
offered by the coupling capacitor to the a-c waveform pass- 
ing through the circuit. The coupling capacitor and grid 
tesistor are, in effect, a series circuit. As the applied 
signal becomes lower and lower in frequency, the ever- 
increasing capacitive reactance causes the circuit current 
to lead the applied (signal) voltage in ever-increasing 
amounts approaching 90 degrees. The voltaye dros across 
the grid resistor is in phase with the current through it, and 
would also lead the applied voltaye by the same amount. 
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In the middle range of frequencies, from 200 to 2000 cycles, 
the capacitive reactance of the coupling capacitor becomes 
small enough with respect to the reactance (resistance) 

of the urid resistor to have a minimal effect on the passing 
waveform; therefore, phase shift can be considered neqli- 
gible in the middle-frequency range. At the high-frequency 
end of the band, the input capacitance between the yrid and 
the cathode becomes important and must be considered. 

The input capacitance and the grid resistor form, in effect, a 
parallel circuit. As the capacitive reactance of the input 
capacitance becomes less and less with increasing frequency, 
the current in the parallel combination wi!l become more 

and more capacitive and will begin to lead the applied vol- 
taye by ever-increasing amounts approaching 90 deurees. 
Another way of expressing this thought is that the voltage 
across the parallel combination will begin to lag by ever- 
increasing amounts as the applied frequency is increased, 
The shift in phase angle at the grid of the tube is opposite to 
that coused at the low frequencies, but in either case the 
tesult is the same: phase distortion. An illustration of the 
Telationship between phase distortion and frequency response 
in on ordinary amplifier is given below. 

The high-frequency and low-frequency compensating 
networks previously described, in addition to compensating 
jor frequency response, help to correct for phase distortion, 
as they shift the phase back in an opposite direction to 
make the cifcuit appear resistive over a wider frequency 
range. 
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Phase Distortion and Frequency Response Characteristics 
of an Ordinary Amplifier Stage 


FAILURE ANALYSIS 

No Output. With a video signal of sufficient amplitude 
applied at the input to the video amplifier, a defective tube 
is the primary cause of no output in the majority of cases. 
If the tube is found to be operational, an open coupling 
capacitor C1 would prevent an input signal from reaching 
the video amplifier yrid. An open cathode resistor R2 would 
interrupt the operation of the circuit, resulting in no output. 
If a compensation circuit is employed in the plate circuit, 
@ shorted capacitor C3 wouid prevent the application of 
plate voltage to the tube, and would probably bum out 
plate resistor R4. (Refer to Low-Frequency Compensation 
Circuit diagram.) Failure of the plate supply voltage would 
interrupt circuit operation in the seme manner. Application 
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of plate voltage to the tube would also be interrupted if 
plate resistors R3 or R4 became open~circuited, again 
tesulting in no output. 

Reduced or Unstable Output. Assuming that a video 
signal of proper amplitude is present at the input to the 
video amplifier, a partially or compietely shorted gtid coup!- 
iny capacitor Cl may be the cause of a reduced or severely 
distorted output. Ti the capuviiui is partially shorted, any 
value of a d-c voltage which may be present at the input 
terminals of the circuit would be applied to the grid of the 
tube. Appearing to the tube as a chanye in grid bigs, this 
voltage, if positive, may shift the operating point of the 
tube toward or into the saturation region, causing severe 
distortion by limiting the positive oeaks of the input signal. 
lf arid resistor Ri veceme ooen 


cathode capacitor C2 uecome 


bias would be removed, and tne cathode roala a ay at 
a fixed ground potential. This would chanye tie ope 
point on the tube’s Eg-I, characteristic curve, allowing 
more plate current to flow, and probably operate into the 
saturation reyion, with the consequent severe distortion 
in the output signal. If, on the other hand, cathode capa- 
itor C2 pecame apen-circuited, the cathode voltaye would 
rise ond fall with the grid input signal in cathode fcllower 
fashion. This would introduce degeneration, which would 
result in a reduced value of output signal. Ii the video 
amplifier circuit contains low-frequency compensation, and 
capacitor C3 in the compensation network became open~ 
circuited, the compen: stics 


Spould 


teristics 
and distortion might result, although this distortion 
nat be very noticeable. 


PENTODE VIDEO AMPLIFIER, 
APPLICATION. 


The pentode video amplifier is used to amplify, without 
on, 2 band of frequencies between approximately 

1G cycles and 6 megacycles. This amplifier is normally 
used to amplify a pale ievei of input signal than the triode 
video ampisfier, and as @ result it can furnish on output 
signal of considerably nigher power than may be tealized 
Irom 4 trode amplitier. ihe p entode video uni 
in television and communications applications, and in par- 
ticular in radar receivers, where it often follows the detec- 
ror stage. 
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Output voltage is higher that that of a triode video 
amplifier when operated from the some supply voltage as a 
triode. 
Harmonic distortion is less, for the same output voltage, 
than that of a triode. 


CIRCUIT ANALYSIS. 

General. Pentode video amplifiers may be classified in 
four circuit , according to the type ot bias and the 
type of screen supply. The bias may be either zero-bias or 
seli-bias, while the screen supply may utilize either a 
screen resistor or a fixed value of screen voltage. The 
basic circuits for each of these variations are shown in the 
accompanying illustration. 

The pentode video amplifier has higher plate efficiency 
und yreater power sensitivity than a triode video amplifier, 
as a general rule, but ot the same ume it sufiers higher odd- 
harmonic distortion. In order to reduce this type of distor- 
tion to a minimum, negative ar degenerative feedback may 
be used. Hawever, this reduces the over-all gain of the 
amplifier. The output circuit usually utilizes resistance 
coupling or resistance-capacitance coupling, although in 
some applications transformer coupling or inductance- 
capacitance (choke) coupling may be used. When resistance 
coupling (or resistance-capacitance coupling) is used, the 
load resistance for maximum power output is usually within 
10 percent of the value obtained by the formula: 


RL 7 0:9 


where: Rx = plete load resistance 
Epp = plate supply voltage (on the source 
side of Rr) 
Ip = plate current 


The power output is less than the value Erle _, 


becouse of the power loss in plate resistor RL. Plate 
efficiency, for a total harmonic distortion of less than 10 
percent, approximately 35+ 7%. The overall output cir- 

fi tower than this value, since the output 
tion of both the plate current and the 
tent, and the screen current is wasted insotar as 
the output is concerned. 

Circuit Operation. The schematics shown previously 
iNnstrate four basic circuit variations of the pentode vide 
agpuifier. Tn circuit A, the tube is operated at zero bias, 
th the cathode grounded, and the screen voltage is sup- 
plied through screen resistor R2, which 1s bypassed by 
ccpacitor C2. In circuit B, the tube is operated at zero 
bias but the screen is held at a fixed voltage through a 
nection to the screen power supply. In circuit C, 
the tube is operated with cathode bias obtained through the 
use of cathode resistor RZ, which is left unbypassed to pro- 
ide degeneration, in order to improve the over-all! frequency 
. voltage i is supplied through scieen 
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tesistor R3, which is bypassed by capacitor C2. In circuit 
D, the tube is operated with cathode bias by means of 
cathode resistor RZ, which is left unbypassed to provide 
degeneration. Inductor L1 is connected in series with 
plate-load resistor R3. Inductor L1 and resistor R3 act to 
extend the response to the higher frequencies. 

In circuit A, the pentode is operated at zero bias, since 
no cathode resistor is used, and the grid is returned to the 
grounded cathode through grid resistor Rl. Cathode circuit 
degeneration at low frequencies, and the resultant loss of 
gain, is thereby eliminated. This loss of low-frequency gain 
is evident in circuits using cathode bias, with a bypass 
capacitor shunting the cathode resistor, because of the 
increasingly higher capacitive reactance offered by the 
bypass capacitor as the frequency is decreased below a few 
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hundred cycles. The disadvantage of zero bias, however, 

is the limitction imposed on the input signal, in that the 
input signal must not be so great as to drive the grid to 
scturation and the condition of grid current flow. The screen 
voltage is supplied, from the power supply, through screen 
resistor R2, in order to operate the tube at the proper screen 
potential, which under norma! conditions is of a lower value 
than the plate voltage. The screen resistor is usually 
bypassed by a screen capacitor, C2. The R-C circuit which 
results from the combination of R2 and C2 provides a small 
amount of degeneration similar to that provided by an unby- 
passed cathode resistor. Since the normal screen current 

is only a small percentage of the plate current (10 to 15 
percent), the amount of degeneration is proportionally 
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Pentode Video Amplifier Basic Circuit Variations 
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smaller, The degeneration approaches a negligible value 
when the time constant of the RC circuit, R2 and C2, is 
greater than four times that of the lowest frequency which 

is to be passed by the amplifier. 

In circuit B, the pentode is operated at zero bias, similar 
to that of circuit A. The scr2en, however, is supplied 
directly from the power supply, without the use of a screen 
dropping resistor. By this means the screen voltage is 
held to a practically constant value, assuming that the 
impedance of the power supply is of a relatively low value. 
As a result, no degeneration is provided by the screen cir- 
cuit, and the voltage gain of this circuit is slightly higher 
than that of circuit A. 

TAEHBUC, thersentoad 1aissoratae iin, cathode dian, 
the amount of which is determined by the values of the 
cathode resistor and the plate and screen currents. The 
cathode resistor is left unbypassed, in order to provide 
degeneration, which increases the over-all frequency response 
of the amplifier and reduces the distortion and/or noise 
which may be introducted within the amplifier itself. In a 
number of amplifier circuits, including those designed for 
audio frequencies, the cathode resistor is bypassed by a 
capacitor of a relatively large value. The capacitor acts as 
an extremely low impedance path for all frequencies higher 
than approximately 200 cycles. As the frequency of the 
signal to be amplified decreases below this value, the 
reactance offered by the bypass capacitor increases very 
rapidly, and as a result the gain at lower frequencies de- 
creases. Jn order to avoid this decrease in qain in the 
video amplifier, this bypass capacitor is omitted from the 
circuit. The gain at the low frequencies is thereby held to 
approximately the same value as the gain at the medium 
frequencies, but the over-all gain of the circuit - at ail fre- 
quencies - suffers a decrease in value, because of the 
degeneration introduced by the cathode resistor. The screen 
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voltage is dropped, from the power supply potential, through 
screen resistor R3 to the proper value for pentode operation. 
The effect of the screen resistor-capacitor combination is 
similar to that described for circuit A. 

In circuit D, the pentode is operated with cathode bias, 
in a manner similar to that of circuit C. The screen is sup- 
plied by a fixed potential directly from the power supply, 
and no screen resistor is used. Degeneration due to the 
scteen circuit is thereby avoided, as in circuit B. In this 
circuit, however, an inductance, L1, is connected in the 
plate circuit, in series with plate load resistor R3. This 
comprises a shunt peaking circuit, which acts to keep the 


response flat to a much higher frequency than may be ob- 
tainad y 
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discussion of compensation circuits, including shunt peak- 
ing, is given in connection with the triode video amplifier, 
previously described. 

4 practical application of some of the circuit variations 
already discussed is given in the following illustration, 
which shows the pentode video amplifier circuit used in 
the AN/SPS-10D Radar Set. In this circuit, the video input 
signal is applied through coupling capacitor C1 to the grid, 
which is returned to ground through grid resistor Rl. The 
amplifier tube, a type 6AU6, is operated with cathode bias 
obtained by means of cathode resistor R2. Partial bypass- 
ing is provided by capacitor C2, which, because of its low 
value of capacitance (130 jf), offers a low impedance 
only to the higher frequencies. The screen grid is held at 
a relatively fixed potential from the power supply, through 
the voltage divider R3 and Ré4 and its filter network C3 and 
C4. In this case, the R-C circuit consisting of R4 and C4 
provides negligible screen degeneration, because the junc- 
tion of R4 and R3 is held at a relatively constant potential 
by voltage-divider action. A shunt peaking compensation 
circuit is provided in the plate circuit, by means of induct- 
ance L1 in series with picte-load resistor RS. The use of 
plate shunt peaking maintains the output response flat to a 
much higher frequency than possible without its use. The 
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Pentode Video Amplitier Circuit used in AN/SPS-10D 
Radar Set 
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output of the video emplifier is taken through C5, the output 
coupling capacitor. 


FAILURE ANALYSIS. 

No Output. Assuming that a signal of sufficient ampli- 
tude and proper polarity is applied at the input to the pentode 
video omplifier and no cutput is obtained, the tube should 
be checked for proper operation. An open coupling capacitor 
Cl or an open cathode resistor, if used, would interrupt the 
operation of the circuit. An open plate resistor or screen 
resistor, if used, or failure of the plate or screen power 
supply would likewise be a cause of no output. If shunt 
peaking is used in the plate circuit, an open-circuited induct- 
ance Ll would interrupt the plate current and result in no 
output. 

Reduced or Unstable Output. With a video signal of 
proper amplitude and polarity present at the input to the 
pentode video amplifier, a leaky or shorted input coupling 
capacitor Cl may be the cause of a reduced or unstable 
output. A leaky capacitor may allow a d-c voltaye from the 
output of the previous stage to be present on the input grid; 
this would change the value of bias and cause distortion in 
the output signal, or reduce the output to a low value or 
even to zero. An open grid resistor Rl would probably cause 
gtid blocking, or audio oscillation at a slow rate. If the 
cathode bypass capacitor C2 became open-circuited, if one 
is used, degeneration would be introduced and the output 
weuld be considerably reduced in value. If the capacitor 
became shorted, the cathode would operate at zero bias, 
and the output would probably be distorted although of a 
higher value. Should the screen bypass capacitor become 
shorted, the output would be reduced to an extremely low 
value, and in addition the screen resistor would probably 
overheat or burn out, because of excessive current flow. 
Another cause of reduced output may be traced to a reduced 
value of plate or screen voltage, due to a faulty power sup- 
ply. Ifa voltage divider is used in the screen voltage sup- 
ply, similar to that shown in the illustration of the AN/SPS- 
10D video amplifier circuit, an open resistor at the ground 
end of the voltage divider would increase the voltage at the 
screen. This would probably increase the plate current 
sufficiently to overload or burn out the tube. In either case, 
the output signal would be severely distorted. 


TRIODE VIDEO DRIVER AMPLIFIER, 


APPLICATION. 

The video driver amplifier is used to amplify radar or 
other video signals to the groper level for driving the 
cathode-ray indicator tube. 


CHARACTERISTICS. 

A negative output signal is p 
the CRT cathode. 

Cathode bias is usec, in combination with a fixed 
negative bias on the grid. 

A positive video-input signal is required. 

The cathode is partially bypassed at higk video 
frequencies to provide gain statilization and high-frequency 
compensation. 


ded for application to 
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The tube elements are connected in parallel to provide 
increased transconductance. 

Shunt or series pecking is not required. 

Dec restoration is provided by a serurate dicde. 

Low coupling resistence provides improved frequency 
response. 


CIRCUIT ANALYSIS. 

General. A negative video output provides some definite 
advantages over a positive video output. Since the tube is 
necessarily bicsed near cutoff, the quiescent cr resting 
current is much lower than would be required for positive 
video. As a result, the maximum tute rating for plate 
dissipation is seldom reached, even when the tube is over- 
driven. By using a dual-triode with low coupling resistance, 
more gain can be obtained for a given bandwidth than from a 
single pentode stage. By connecting the triode elements 
in parallel, the theoretica! transconductance is doubled; 
however, full advantage cannot be taken of this circuit 
arrangement, because a !ow value of loading resistance is 
employed in order to widen the bandwidth. Since tne 
capacitances of both tube elements are in parallel, the 
effective input capacitance and output capacitance are 
greater. The triode driver stage is usually the final (out- 
put) stage in a video amplifier chain. This stage always 
drives the cathode-ray indicator tube, which requires a 
large voltage drive for intensity modulation of the CRT beam 
(little power is required); therefore, it is usually spoken of 
as a '‘video-driver stage’’ rather than a '’video power-output 
stage’’. 

Circuit Operation. The accompanying schematic shows a 
typical dual-triode video driver. The negative output of the 
driver is usually applied to the cathode of the indicator tube 
to reduce the cathode bias and illuminate the tube with full 
beam intensity at the negative peak of the output signal 
(which occurs at the positive peak of the input signal). 
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Capacitor Ce is the input coupling capacitor: the output 
of the stage is usucily direct-coupled to the CRT cathode, 
rixed negative bias is obtained from a voltage divider, 
consisting of Rl and 43, to supply < few volts cf negative 
bias to the dual-triode grids through. common grid resister 
K2. Grid resistor R5, in series with th of V1b, isa 


parasitic suppressut, or “quid nis 


connection 
of elements. 
a biased clam 
signal always produces ¢ 
identical input signal cplied 
Hb, which is bysassed ty Tl so thui cathode deseneitl 
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output voltage is zers, and pract picte veltage 


R4 is less 


sume that d cesitive-going video 
through coupling capacitor Ce. The positive input voltage 
reduces the fixed negative bias, thus increasing the plate 
current flow. The increased Baler of elate cu ent produces 
a vOltuue drop ior mt 

sistor R6. The Sate voltage drop appears in the output 
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linear input-versus-oucoul voltage relationship, Norm 
adequate cathode bypassing srevents instantaneous cnanges 
in bias from producing degenerative voltages which oppose 
the effect of the input voltage. In this circuit, however, 


the value of the cathode bypass capacitor is = 
suiticient only for the very high irequencie —nst for mediuin 
frerqancies i video frequencies the 
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tually reaches the fixed bias level, ct which time the circuit 
is again in the quiescent condition. If the negate input 
signal drops below the bias level, the cathode of clamping 
diode CR1 becomes negative with respect to the anode and 
the diade conducts, shunting the sig: d gr 
resistor R2 so that no further reduction in cutput voltage 
con occur. The diode conducts unril the input voltage equals 
of becomes sitive than 
output remains at the zero level. signal 
aguin goes positive, alate current again flows, producing a 
voltage drop acress R4 end a neguNe output. 

Ky using a fixed negative ties of the prover value, the 
tube operates in the Ciass Al region. and the zero output 

z ost that of th ply voltage, 


his time the 


ozerating on a low duty cycle aad consisting of short- 
duration pul , the amplitude is usually Jess than the bias 
level and the clamping diode will act operate. However, 
with lerge input signals greater than the bias level, and 
operating on a high duty cycle, the clamping diode will 
cperate and hold the cutput at the saz o level. By 
properly selecting the value of the cathode bypass capscitor, 
sufficient cathode degeneration. is produced to reduce the 
tise time to the same value as would r normally oceur ina 
le 


4 


Adies ihe necessity 


This eli: 
ling compensating inductance in the plate load, 
ae avoids any adverse aifect on ine transient response of 
the omplifier. When properly des Spee) this circuit will 
pet ies arise time of less than . ond without 
exessive overshoot or undershoct. 


he amplifier, 


FAILURE ANALYSIS. 
No Output. Lack of on input signal, improper bias, loss 
of plate voltage, a detective tube, or an open cathode 
circuit con result in no output, ff coupling capacitor Ce 
is open, no signa! wil! appear at the grid and there will be 
no plate output. Uneck for an 
scoce cra VIVM. If bias divider resister R3 is open, full 
supoly bias will be applied to the grid; thus, tne tube will 


signa! with cn vscilly 


aoisidered no Stan at TIL If bias divider Ri is open, 
a similar result will occur because of a lack of Hxed bigs 


ply volte 


off the vlcte current and the 
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appears and, if so, whether it is normal. If cathode resistor 
R6 is open, the circuit will be incomplete (open) and no 
output will occur. If R6 is open, shunting the cathode to 
grounc will produce an output, in which case R6 should be 
checked with an ohmmeter with the power off. (With the 
power on and R6 open, the voltmeter may act as a high- 
value return resistor and cause the stage to be biased 

off; or when used as an ohmmeter and properly polarized 

the batteries in the meter can furnish an almost normal 

bias to V1 cathode and cause an erroneous indication.) 

If plate resistor R4 is oven, no plate voltage will be 
applied and no output will be obtained. Check the supply, 
first with a voltmeter to determine that voltage is present, 
and then check the plate voltage to ground, If plate 
voltage is normal, and no output con be obtained with proper 
bias and input signal, V1 is defective; replace it with a 
known good tube. 

Low Output. Improper bias, low plate voltage, or a 
defective tube can couse a low output. If the bias is 
low the diode restorer will clip off part of the input signal 
and cause a reduced output. Likewise, if the bias becomes 
too high it will take a Jeryer drive te obtain the sume out- 
put. Check the bias supply and voltage across Rl, 2, and 
R3 with a voltmeter. If diode CR1 is shorted, grid resistor 
R2 will be removed from the circuit and the grid signal 
voltage will be developed across R3 alone. This will 
lower the grid input impedance and reduce the drive, result- 
ing in a reduced output. Check CRI fcr forward and 
reverse resistance with an chmmeter. If R2 is large, 
which it normally is, the diode need not be disconnected 
for this check. If there is no difference between forward 
and reverse indications and a low stance is measured the 
diode is shorted. If a high resistance is indicated in 
both directions, it is open. Check the supply voltage and 
then the plate voltuge with a voltmeter. It the plate voltage 
is low the output will be reduced. If plate resistor R4 
increases in value with age en abner-ally low plate 
voltage will result. Measure the resistance of R4 with plate 
voltage OFF, when the plate voltage anpears to be ex- 
tremely low, and the supply voltage is normal. A similar 
symptom can be produced by a defective tube which causes 
heavy plate current flow, or by low bias. Replace the tube 
with a known good one and check that the plate voltage 
returns to normal with proper bias applied. If not, there is 
o possibility that the tube is oscillating and that the value 
of RS is insufficient to prevent it. Check RS with an ohm- 
tneter with the plate voltage cif. If resistance is normal, 
connect an oscilloscope across the grid and ground, and 
then across the plate and ground. It the waveform is 
found obscured by a broad, light, solid band across it the 
circuit is oscillating at radic frequencies, Check the 
wiring, particularly the paralle! connections to the tube 
elements, to be certain they have net been lengthened or 
changed, substitute ancther tube, and as a last resort change 
the value of RS to ¢ much larger value. 

Distorted Output. If the cathode degeneration is changed 
because bypass capacitor Cl is open or shorted, trequency 
distortion will occur. The high frequency outout (without 
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degeneration) will be lower thon the output at medium and 
low frequencies, and the stage will act like an uncomuen- 
sated amplifier. Use an oscilloscope and a square wave 
input. Observe the input and output wavefor:.s; with a 
positive input, the cutput signal should be negative, 
larger in amplitude, and of the same general waveform. A 
sloping vertical edge on the square wave indicates the 
rise or fall time is excessive, while a sagging flat tep in- 
dicates low frequency ‘listortion, Cl can be roughly che 
by temporarily shorting it while onserving the waveform on 
the oscilloscope. If the circuit is operating properly the 
waveform will be more distorted when Cl is shorted. If 
no change is observed, Cl is either open or shorted. 
Check Cl with an in-circuit capacitance checker, or dis- 
comeéct it and check for the proper capacitance value and 
for leakage. Excessive leakage will cause Cl to act as 
resistor in parallel with cathode resistor R6. Checks for 
distortion should be made at frequencies which are not 
effectively bypassed by Cl. If the check is made at a 
frequency to which Cl offers little or rio reactance, the 
signal will prebably appear slightly distorted whether Cl 
is working properly ornot. 

Check the rise ond fall of the waveforim for overshoot 
and undershoot. In test equipment applications it should 
be less than 1%, in TV or Radar aprlications $% to 10% is 
satisfactory, while in Servo-equipment 40% to 50% is 
acceptable, These tests should be made on a normally 
operating equipment so that the technician is familiar 
with the correct waveforin appearance and permissahle 
amount cf distortion before trouble cccurs. Waveforms 
are not required to be any better than those shown in 
the appropriate Technical Manual covering the equipment 
under test. 


BEAM-POWER VIDEO DRIVER AMPLIFIER, 


APPLICATION. 

The beam power video driver is widely used in search 
tadars to amplify video signals to the 35-to 60-volt level 
necessary for intensity modulation of the cathode ray in- 
dicator tube. 


CHARACTERISTICS, 

Fixed negative bias is employed to previde operation 
in the Class Al region. 

A negative output is produced for a positive input 
signal. 

Shunt peaking is used to compensate for increased 
rise time produced by the higher output capacitance of the 
pentode, 

D-C restoration is provided by a separate diode, 

Provides greater output, more aniplification, and better 
linearity than a single triode driver operating at the same 
voltages, 

Requires more d-c power than the triode (screen is 
added) and plate current is larger, 
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CIRCUIT ANALYSIS. 

Genera!. The beam-power video driver is similar to the 
triode video driver previously discussed in this section 
of the Handbook. The use of a beam-power pentode tube 
provides greater amplification than the triode with an in- 
crease of linearity. The low input capacitance of the 
pentode decreases the rise time considerably, however, 
the large output capacitance greatly increases the rise 
time, oo that the overall result is te increase the rise time to 
about double the triode value. Consequently, it is neces- 
sary tc include a shunt compensating inductance in the 
plate circuit, since cathode degeneration, as used in the 
triode, is unable to provide sufficient compensation. The 
shunt-peaking compensating circuit is desioned to reduce 
the totai rise time to from 40 to 30 percent of that obtained 
without compensation, depending upon the tube type used. 
Because of the compensating circuit inductance the over- 
shoot is increased to about 3% or ahout double that of a 
triode driver. The addition of the screen element in the 
pentode causes additional d-c current to be drawn over 
that of the triode, which, since it does not directly con- 
tribute to useful output, causes a greater d-c power loss 
and a drop in overall efficiency. It is necessary that the 
screen be bypassed to ground effectively for all frequencies 
employed. While the screen bypass capacitor is effective 
for the higher frequencies, it usually offers sufficient 
impedance at the low frequencies to provide a droop in 
low frequency output, which does not occur in the triode. 
The low frequency component of screen current, in effect, 
produces an inverse feedback voltage across the screen 
bypass impedance, which lowers the instantaneous screen 
vultuge and reduces output at these frequencies. This 
action is similar to the degenerative action developed 
across a lightly bypassed cathode resistor. Unfortunately 
it is greatest at the very low frequencies near the d-c 
level (1 to 15 cps) which are normally amplif 
frequencies above this range, unless special low fre- 
quency compensation is used. Hence such screen de- 
generation cannot he used to flatten the overall response 
since it only further attenuates the low frequencies. 

Although the single triode driver lacks the amplifica- 

beam-power driver, the parallel-connected, 

dua!-triode driver usually provides equivalent performance 


ond amplification without the problem of low irequency 


1 design, 

either circuit is effective in Atiuing the indicator tube. 
Cirevit Operotion. The schematic of a typical heam- 

power video driver stage is shown in the accompanying 

‘tine teas 

Wustration 
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Typical Beam-Power Video Driver 


Resistance coupling is employed in the input circuit; Ce 
is the coupling capacitor and R3 is the grid resistor. The 
output circuit is usually direct-coupled to the CRT cathode. 
Diode CR] is a d-c restorer connected across the grid 
resistor, and fixed bias is obtained from voltage divider 
Rl, R2 connected across the separate negative bias supply. 
Screen voltage is obtained from the plate supply through 
series dropping resistor RS, bypassed by Cl. Resistor 
R4 is the plate load resistor, and L1 is the shunt-pecking 
inductance, 

With no input signal, V1 rests in a quiescent condition 
with a plate current of approximately 18 milliamperes, 
cs determined by the fixed-bias voltage divider, Rl and 
Kz. The bias is in the Class Ai region and is on the 
order of 10 voits negative. For small input signals or 
for short duty cycle signals diode clamp CRI has no effect, 
but for large input signals with long duty cycles, it clamps 
the bias at the fixed value, and prevents the grid from 
being driven into cutoff. Whenever the input signal makes 
the cathode of CR1 more negative than the bias value 
induction occurs, and the 


sistor R32 to grounc 


Thus wh zero Cutput level is maintained at the fixed 
bias value (see section 16 of this Handbook tor a discus- 
sion of biased clamp operation). When a positive-going 
input siqnal appears on the grid of V1, plate current is 
increased. As the plate current is increased, a voltage 
drop occurs across plate load resistor R4; this is the 
Negative-going output voltage. When Vi is operating, 
current flows from the cathode, through the grid wires, 
through the screen wires, etd to the plate. A small d-c 
sereen curront fh 
absorbing some Bicticns) as they pass through the screen 
This screen current flows throu: 


RS to the plate 


6-A-22C 


ELECTRONIC CIRCUITS NAVSHIPS 


voltage drop across R5 maintains the screen veltage at 
the desired value, The effective screen voltage is that 
of the supply less the drop in RS, since screen current 
flow is in o direction which develops ¢ voltage that op- 
poses the supply voltage. Any instantaneous {a-c) varia- 
tions in screen current are bypassed through Cl te ground. 
However, at the very low frequencies the impedance of 
Cl develops an additional instantaneous voltage crop 
between the screen and ground. This voltage is degenera- 
tive and opposes the screen voltage. Since the capacitive 
reactance of Cl varies inversely with frequency, the screen 
voltage is reduced at these instants, proportionately to 
the frequency, and the aniplification is, likewise, reduced 
since the screen voltage controls the plate current. Thus, 
there is a droop in the waveform at the lower frequencies 
which are not cdequately bypassed by screen capacitor 
Gh 

When the trailing edge of the positive input sianal 
returns towards zero it is negative-going and the plate 
current is reduced. The reduced voltage drop across R4 
produces the positive-going trailing edge on the negative 
output waveform. Any excessive drive in the negative 
direction is eliminated by the clamping diode as explained 
previously above. When the plate current changes direc- 
tion, the inductance of L1 tends to continue current flow 
in the same direction and causes a slight overshoot. Be 
cause the overshoot is kept below 3% by proper design 
and selection of component values, it causes only a slight 
amount of distoftion, Peaking coil L1 is connected in 
seties with plate load R4, and the total drop across this 
combination load varies in accordance with its impedance. 
As the frequency is increased, the reactance and hence 
the impedance of Ll increases as does the high frequency 
output, thus high frequency compensation is achieved. For 
further information on this type of frequency compensation 
see the previous discussion of the TRIODE VIDEC AM- 
PLIFIER in this section of the Handbook. 


FAILURE ANALYSIS. 

No Outpur. Improper bias, lack of plate or screen 
voltage, an open input circuit, or loss of input signal, 
as well as a defective tube can cause u loss of output. 
If voltage divider resistor R2 is open, the full negative 
bias supply voltage will be applied to V1 grid, the plate 
current will be cut off, and no cutput can occur. The same 
condition will occur if Rl is shorted except that, in this 
instance, the entire bias supply will be dissipated across 
R2, will cause it to heat, smoke, and eventually burn out. 
In either case check the voltage across R2 with a veltmeter. 
If either Rl ot R3 is open no bias will be applied to V1, 
heavy plate current will flow and overload R4 and L2; 
eventually this will cause the weakest one to bum out. 
Meanwhile, the output will be held at ¢ constant moximum 
negative value, causing the CRT to be constantly illu- 
minated, and no signals will appear. Check the bias 
supply to ground, first with a voltmeter, then from Rl 
to ground, ond finally from the arid cf Vi to ground. Lack 
of voltage indicates that the failure is between the bias 
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supply and the point mecsured. If the coupling capacitor 
Ce is open, no signal will apzear on the grid, and 20 out- 
put will occur even though normal bias and plate voltage 
cre indicated cn the voltmeter. Or. the other non¢, if Ce 
is snorted the plate voltage of the precediz.a video am- 
plifier will drive V1 heavily into conduction and cause an 
indication similar to that of no-bias. In this case, the 
veltmeter will show a large positive voltage on the grid 
of VL. 

If the plate supply is at fault, no plate cr screen volt- 
age will exist on V1, and no output will be cbtained. 
Check the supply with a voltmeter and then check the 
voltage from screen to ground. If R5 is open, no vcltage 
will appear on the screen, and the plate current will be so 
small that practically no output will be obtained. A shorted 
screen capacitor (C1) will also cause o lack of voltage 
indication at the screen, since tne entire supply will be 
dropped across R5. In this instance, RS will heat cbnermally, 
and will probably smoke and then burn cut. If either R4 
or L1 are oper, no plate voltage will appear on V1; the 
screen of V) woutd then attempt to function as a plate, and 
the heavy current flow will cause the screen to heat and 
giow red, and will also overload RS, cause it to smoke, and 
burn out. With normal bias voltage and screen voltage, 
and a higher thon normal plate voltage, if no output voltage 
exists and an input signal is known to be applied, either 
tute V] is defective, or R4 is short circuited. Replace 
the tube with a known good one, and if no output is obtained, 
tum off the plate voltage and check R4 fer continuity, and 
proper resistance. 

Low Output. If clamping diode CR] is shorted, the 
input signel will be shunted to ground through R2 and a 
lower than norma! output will be obtained. Should R2 
increase in resistance the bias will be higher than normal 
and a reduced output will also occur. In the case of R2 the Ne 

fy 


bias value can be checked with a voltmeter. However, to 
check the diode, it must either be removed from the cir- 
cuit, or the plate aud the bias supplies must be discon- 
nected and the forward and reverse resistance measured. 

If the diode resistance is low, and is the same in both 
directions, it is shorted, If it reads a high resistance in 
both directions it is open. (It will normally indicate a 

high resistance in the reverse direction and a low resistance 
in the forward direction.) 

If Vi is low in emission a low output will be obtained. 
Replace the tube with a known good one. If RS increases 
in value, the screen voltage will measure lower than normal 
with rated supply voltage, and the output will also be low. 
A similar condition may be caused by a high resistance 
teak to ground through screen copaciter Cl. Check C] with 
an in-circuit capecitance checker, or measure R5 with an 
ohmmeter, with the power OFF. when Cl is disconnected 
the screen voltage wil! retutn to normal if the capacitor is 
defective. 

If the glate supply is low, both the screen one plate 
voltages will be proportionately lower. If the supply and 
screen voltcges are normal, but the picte voltage is low, 
replace the tube to make certain that it is net the cause. 


6-A-22D 


ELECTRONIC CIRCUITS NAVSHIPS 


With the same condition persisting aiter V1 is replaced, 

cneck L1 and Raé individually for resistance, with the sup- 

elpuelisyeOFr, # eee soldered joint, or an increase in 
co than normal 


‘ nga higher than aaa 
eta y inctease greatly in resistance when 
close enough to normal to pe within the 
ce of c resistance check (20 percent maxi- 
In any Sven: the as voltage drop when operating 
should oniy be a few 


Ne 
Usui 


Distortion. 
parts. To ine distortion, however, it is necessary 
to observe and compare waveshapes, and check the input 
waveform pans the output wavetors unst the Output 


Use an Beers to observe the operating waveform. 
The point where it departs from normal indicates toughly 
the circuit area at fault, Remember, also, that all ampli- 
fiers have a slight amount of distortion, but there are toler- 
ances which must not be exceeded. For example, the ex- 
cessive output capacity of the beam river circuit and that 
of the CRT cathode to ground, plus the wiring capacitance, 
will reduce the rise time. Thus, the leading and trailing 
edges Gay have a slight slope rather thon being ideally 

© flat Tony portian of the pulse can be 


undershoot, caused by the effect ui inductance on the uan- 
sient response. Thus the cutput waveform will never be 
identical to that of the input waveform, but they will re- 
semble each other closely. The response cf the vertical 
omplifiers in the test oscilloscope wili aisu uffect the ap- 
parent waveshape appearing on the screen. When checking 
waveforms, always make certain that the test equi 
is capable of producing the sum 


spent Hemera thea aa a 
fGSult ds that Gi the orig- 


pies 


divtated ia gh he : 
shunting capacitance to ground. For sloping horizontal 
lines, iook tor aeleniorate sd low freadeney response caused 


By tem- 
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having the effect on waveshape for which it was designed. 
Do not make any uncuthorized modifications in Navy equip- 
ment because it may appear to be better to you, since you 
may be overcompensating instead. 


AMPLIFIER, AND DRIVER) VIDEO 


APPLICATION. 

The chain video amplifier is used in a radar display 
system to mix positive radar video with positive marker 
pulses, to invert the combined signals, and amplify them to 


sufficient to intensity modulate the rathode toy in- 


dicator. 


CHARACTERISTICS: 
oft 


cascade. 


Uses fixed or self bias, as applicable. 

Uses dual triodes to save space and provide adequate 
amplification. 

Requires positive inputs, and supplies a negative out- 


Bel 
& 


Amplitication is variable from 30 to 60 times. 
Minimum tise time is 80 nanoseconds, with a maximum 
delay time of 50 nanoseconds. 
Droop {s not greater than 6% for a 500 microsecond 
pulse. 
Maxi i 
duty factor of 0,05. 


Maximum: output is 60 veits peck. 


a maximum 


CIRCUIT ANALYSIS. 

General. The chain amplifier consists of three basic 
ciicuits; a common cathode type video mixer, c two-stage 
intermediate amplifier, and q video driver. Each of these 
basic circuits is described separately in this Handbook. 
ia Seen: of the video mixer, see COMMON 
f eee VIDEO MIXER in section 12 of this Handbook. 
ntermediate pee consists of two identical 
‘ojo, with the exception that 2 volume control is added in 
the cathode of the cae stage. See the discussion of the 
TRIGUE 3, and thut of the TRIODE 


tor a detaiied discussion of these two basic circuits. 


The accomnanving schematic ilus~ 
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Pavan ue 


INPUT 2 


Chain Video Amplifier 


Since each of the basic circuits is fully described else 
where in this Handbook, as stated above, the circuit opera- 
tion discussion will be limited to a simple functional 
signal description with characteristics. See the specific 
basic circuits for any additional information, 

Tube VI is a dual-triode connected as a common 
cathode video mixer, Resistance coupling is used to 
supply two identical, high-impedance, grid-input circuits. 
The plates are paralleled and the output is taken from 
cathode resistor R3, which is common to both circuits. 
When a positive input is applied to either grid of VIa 
positive output voltage is developed across the cathode 
output resistor. Because of the cathode follower connec- 
tion, the circuit is degenerative and no gain is obtained. 
With approximately l-volt positive input, about 0.65 volt 
positive output is developed. For equal amplitude inputs 
which are in time coincidence, the output is additive 
and ata maximum. The extent of the adding, primarily, 
depends upon the value of the cathode resistance and the 
input signal amplitude. Generally speaking, the largest 
input signal tends to dominate the output, and the additive 
factor becomes zero if one of the signals is more than 
double the amplitude of the other. The low impedance 
output of VI is RC coupled to two intermediate level, 
cascaded triode video amplifiers. V2 is a dual triode 
using each half-section as a separcte stage of video ampli- 
fication. The positive signal from the cathode of VI is 
applied to the grid of V2A, which develops a negative 
Output signal across plate load resistor R5. The plate of 
V2A is RC coupled to the grid of second half-section ¥2B, 
so that both stages are cascaded. When the negative driv- 
ing signal appears on V2B grid, a positive output is devel- 
oped across plate load resistor 38 for application to the 
driver stage atid. The cathodes of both stages supply 
cathode bias through partially bypassed resistors R6 and 


CHANGE ! 


—O +E bp 


OUTPUT 


AQ, to provide degeneration at the lower frequencies and 
thereby improve high frequency response. The fixed cathode 
resistors of these two stages are identical, however, they 
are bypassed, with different values of capacitance, because 
additional resistance in the form of gain control R10 is 
connected in series with cathode resistor R9 of the second 
stage and ground. Gain control R10 is only partially by- 
passed to retain the fuli degenerative action of these cas- 
caded stages. Overall gain is approximately 15 times, and 
the gain control permits control of volume over a 2 to | 
range. 

The positive output of V2B is also RC coupled to 
driver stage V3, another dual triode. The elements of V3 
are paralleled to provide greater transconductance and 
more gain. Fixed bias is applied the V3 grids from sepa- 
rate bias source, with partially bypassed cathode resister 
R14 supplying degenerative cathode compensation so that 
plate peaking circuits are not required. The driver stage 
supplies ¢ gain of approximately 6, and uses a diode d-c 
restorer (CR1) as a biased nezative clamp for hich level 
signals. When a positive signal is applied to the grid of V3, 
a negative output is developed across plate resistor R15 
for application to the CRT cathode. A maximum peak 
voltage drive of 60 volts is obtained for intensity mod- 
ulation of the CRT indicator. The low output capacitance 
of the triodes provides good rise time response, and the 
smal] quiescent current of 0.5 milliampere provides effi- 
cient operation, The overal! pass band is useful from 10 
cps to 1.7 meqacycles; by changing values and using 
subminiature tubes, the pass band con be extended to 
about 3.8 megacycles. The high frequency limit is affected 
slightly by the setting of the gain control, because of the 
increased degeneration cfforded at the low gain settings. 
Because ot the limits permitted by tube specification MIL- 
E-1, the amplification may be chanced by 25% if the tubes 
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are all selected for a higf: tolerance. A ten percent change 
in both filament and plate voltage wili only vary the ampli- 
fication 12.5 percent overall. The previcusly stated velues 
of input, output, and pass bend cre made assuming normal 


plate and filament voltages, and tubes cf average tolerance. 


General. The detaiied failure cnalysis for the individ- 
ual steges is discussed at the end ci each of the seperate 
circuit discussions referenced at the ceginning of this 

teuit description. 

Use ar oscilloscope ane a square wave generater to 
isolate the wouble tc < basic circuit, then troubleshoot the 
defective circuit in accordance wlth the detai‘ed i 


ano, for the specitic curcuit.. “er example. appiy a a 


aes vat the osciloscope, if the out wavetarm is 
tand ob 


Then ae two equal eens ene to both inputs 


and check for a lar but larger output. If no output, a 
low output, of a distorted output is optained during any of 
these checks connect the oscilloscope successively to the 
output of each stage. Proceed from the output back te- 
wards the input and note when the signal observed on the 
oscilloscope essumes its normal shape and approximate 
output level. As on example, assume that with normal 
input applied both input channels, the driver cutput is 


but distorted. 


the oscilloscope 1g removed and connected to ¥3 grid, the 

signal amplitude is reduced, but the distortion is still 
age However, when the csciiloscope is connected to 
é distortion discppears. The troutie ther: 
exists in tube V2B, its associcted circuit, or in the coup!- 
ing Circuit between V2 and V3. Observing the wavefona 
atthe plate of V2B will quickly eliminate the coupling 
circuit. A voltage check of V2 will then reveal if the 
element voltages are normal, if the veltages are nor. 
tube V2 is probably at fault, and replacing it with a known 
good tube will restore operation to normal. 

Note that in this case no tubes were replaced or vol- 
tages measured untii the approximate lecatron of the 
trouble in this circuit was pin-pointed by the visual wave- 
While the tubes could have beer. replaced ani 


form check. 


easwed ag econ as tne 


be abnormal, it is evident that c wiscedurs 6 et Ye 


seecien aati ye re 
ie Ul Lung, ule even tr 


abe iloce 


been elionnated in this 
noced when only of Miele 


tunes: 


iy was detective. Further tests cf tre tunes would tnen 
be Heccessury to determine which was at foult, 

en operation of the c. understood and the 
ie symptoms are caretully evaluated, much neediess 
testing can be avoided. The cause of the trouble can 
usually be determined by applying basic circuit theory. 
In the doubtful cases, a systematic methed of testing such 
1 


CATHODE-COUPLED (iN-PHASE) VIDEO AMPLIFIER, 


APPLICATION. 

The cathode coupled video amplifier is used as an in- 
put matching amplifier, or cs an intermedicte level viceo 
amplifier in cascaded direct-couple+ video stages. 


CHARACTERISTICS. 


le for space and economic 


reasons. 


Operates in-phase (a negative output occurs for c neg- 
ative input and vice-versa). 

Provides s high input impedance with a mocerate output 
impedance. 

Reguires no special freguency compensuling elcuits, 

Inverse feedback from the degenerative cathade pro- 
wideband response. 


CUIT ANALYSIS. 

General, The cathode-coupled video emplifi 
considered to be a combination of two basic circuits (a 
cathode follower and a grounded grid amplifier} connected 
ind cascede arrangement without any coupling elements. 
The elimination of the necessity for coupling eiements 
through the use of direct-coupling improves the low fre- 


quency response. Since most detectors provide ¢ negative 
output, this circuit may also be conveniently direct- 
coupled to the detector, anc can te either d-c or a-c 
coupled at the output. Al! the advantages of the cathade- 
while the qrounded-qrid 


ain with greater st 


and Mee ee noise, “The: output circuit can also beta sa ly 
output by 
proper choice cf load resistor, Since the catnoce degenera- 
tion is effective tor both input and output stages, increased 
linearity is obtained with better overall frequency re- 
sponse und a wider puss band than tor conventional piate- 
coupled stages. 

Circuit Operction, The accompmying schematic il- 


mans 
SERROSS 


metched to the icllow:ng stage for maximum 


ee SSR aA) Baked! “ 
iuSWates ag typicds cathade-coupued Circuit w 


tEpp 


OUTPUT 


Wh 


Cathade-Ceupled (In-Phes 
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A twin-triode tube is usec, with one helf-secticn, VIA, 
operating as a cathede follower, while the seconc-half- 
section, V1B, operates as a grounded gric output stage. 
Cathode resistor Rk functions as a commen cathode res. 
tor which supplies bias for coth tubes, and as the toad 
across which the input is developed and applied to the 
output stage. The output voltege is developed acrass 
plate resistor RL in the second hali-section of V1. 

With no input signal applied, both wubes rest in the 
quiescent condition, and, since Rx is on te beth 
tubes, the initial bias is determined ay the total cathode 
current of both tubes. When a negative input signal is cp- 
plied to the grid of VIA the plate current is reduced, and 
less cathode voltage is developed acre: Since the 
cathodes of both half-sections are connected together, the 
instantaneous cathode bias is reduced, ane both haif- 
sections tend to draw more plate current. Plate current 
flow through VIA is determined by the effective bias, 
which is the difference between the input signal and the 
developed cathode bias. Current flow through Rk is inc 
direction which places ¢ positive polarity on the cathades 
and a negative polarity at ground. Since the grid of VIB 
is grounded the reduction of cathode voltage has the same 
effect as if the grid of V1B were driven less negative, or 
in a positive direction. Thus plate current flow through 
load resistor RL increases and produces a plate veltage 
drop. The increcsed drop across the iocd resistor appears 
as a negative-going outzut veitage. Thus the output pol- 
arity is the same as the input polarity. The increased 
plate current flow in V1B, in turn, increases the total 
cathode current through Rk and rroduces an increasing 
positive cathode bias, Thus circuit operation is degen- 
erative and operates with theeffect of inverse feedback. 
Design is such thot the common cathode resistor is lower 
in value than the plate load resistor. Hence, for any 
change in plate current of V1B the degenerative cathode 
voltage developed is less thon the output vo! The ef- 
fective drive voltage for V1B is the difference between the 
degenerative voltage developed across tne cathode resistor 
and the input signal applied to the grid of VIA. It is less 
than the input voltage, because the cathcde follower stage 
has less than unity gain, otherwise, the input signcl would 
be cancelled out and no output would occur. 

When the input signa] swings positive, the opposite 
action occurs. Plate current in VLA is increased, anc 
produces on increased cathode current and larger bias 
across Rk. The larger bias is applied as a negative swing 
to the grid of V1B and reduces the plate current, lik 
Reduction of plate currer.t in VIB causes 2 reduced cathode 
current flow through Rk. This inverse or degenerctive 
feedback reduces the total output voltage over what it 
would normally be without degeneration, but still permits 
effective amplification of the overali output. 

Design is such thet the total amplification is about 
half of that normally cbtainabie from the same stege, u: 
plate coupling instecd of cathode coupling. Altaough full 
tube gain is not obtained, cathode degeneraticr 
an improvement in linearity and prevents any pos: 


sibilit; y 
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of overdrive and distertion occuring. In adsiticn, the over- 
ali response of the amplifier is broccened by the 4 
tive feedback. Any tendency of the ampiifier to am: 
< signa! of one frequency more than arather? fi 
reduced automatically by the increased deceiciior. pro- 
duced by the stronger sial. Thus tr 
made more constant over ¢ wider rar 
the response curve is flattened, resul! 
band. The use of direct coufiling bety 
eliminates any problem of phase 
paciter or any reactive effects «hich would attenuate the 
jower frequencies. Consequently, shunt- or 
circuits are not required to produce satisfactory viaeo re- 
sponse, In some applications, two twin tricdes are cascaded 
(O supply maximum gain. 


¢ than normal, so that 


een the tv 
n, the coupling ca- 


If a plate load resistor is connected in series with the 
plate of VIA, operation is substanticlly the same, except 
thet an out-of-phase cutput can be obtained. With resis- 
tors in both plates, dual and opposite cutputs can be 
obtained with the circuit operating os @ phase inverter for 
push-pull operation. 


FAILURE ANALYSIS. 

No Output. Lack of supply voltage, plate voltage, or 
improper bias will cause loss of output. If either helf- 
section of V1 is defective, of if no signal exists on VIA no 
output will be cbtained. A simple voltage check of the 
supply, and then from plate to ground will determine if 
lock of plate voltage is the cause. A check of the bias 
voltage developed across Rk, with no signa! applied, wili 


determine if the proper bias exists; if not, either the tube \ 

or resistor is at foult. Replace the tube with one known to Oo 
be good it the tube is suspected. Loss of input signal A 
can be checked with a VTVM or by observation with an eC) 
oscilloscope. 


Low Output. Improper plate or bics voitage, a defective 
tube, or a reduced input signal will cause a reduced out- 
put. Check the plate and bias voltages with a voltmeter. 
If the input signal is normal in emplitude as observed on 
an oscilloscope or VITVM, but the outaut is low, replece 
V1 with a known good tube. 

Distorted Output. Distortion can best be observed with 
an oscilloscope and ¢ known input (apply a signal from a 
signel generator connected te VIA arid, or use @ steady 
input signal to the detector). Okserve the waveform on 
VIA grid, a similar waveform, but reduced in amplitude 
should appear at the cathode. Then check the waveform 
at the plate of VIB, a similar but amplified signal should 
appear. When distortion is visible at any of these points 
the cause is in the preceding circuit. 


SQUELCH CIRCUITS, 


Squelch circuits are used to silence the receiver audic 
output and minimize noise when tuning between stations, 


ot while monitoring a frequency when no sicnal is present. 
Communications receivers of high sensitivity ueually 
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contain ¢ delayed AGC circuit which keeps the recveiver 

at moximem sensitivity for weak siqais. When no signe! 
is present, or the incoming signal is too weak tc cevelop 
gain control voltage, a maximus. cf noise output scci 
When mionitoring a channei, this noise 1c pe: 
ing in the period between tra 
wnete the noise d 
o: the operator. 


@ fo external - 


No carrier appears, when the recei 
for communication and will not open the squeicn, or wh 
signai is present. The auaic outvut 


caltier appecrs, cr ¢ Signai strong ence. 


ally bursts ¢ 
which are sufficient to overcome the squelch cn: 
momentary burst of noise. These short noise burst de not 
moteriaily contribute to operator fatigue cs much as the co 
tinuous noise output from an unsquek 
Although a number of systems are in use, 

circuits involve a dc amplifier which zrocuce 
bias large enough to cut off the receiver f 
tier when no signal is present. The negative AGC voiteze 
developed by the received signa: 1s usec to remove the 
control bias (squelch) and cllow the audio stage to operate 
normally. Use of the receiver AGC voltage to control 

the squeich action pre 
method for operating the squeich. 


JES G CoH 


tuna Guiomdtic 


AGC-CONT ROLLED AUDIO AMPLIFIER. 
The AGC-controiled audio a 
the receiver until o signal of 


Shilo end 


one signa! to cnother. [t is 
controlled net operation. 


CHARACTERISTICS. 


It is turned off by a positive AGC delay voltage. 
Tt is turned on by a negative AGC voitage, 
Tt may be rendered inoperative by 7 separate ewitch. 


is operated hy a negative Alt 


May be packages as a self-contuinec accessory, cr sun= 
Difen as ap interrat pert of the receiver. 


CIRCUIT ANALYSIS. 


ure that the squeict 


General. 
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threshold to suit local ocerating conditions. Te permis 

eration of the receiver without sque.cn action, the 

circuit is normally completec through 3 switch. W! 

switcn is open the squeich circuit is inoperstive. 
ecessary tor circ’ 


+ Epp 
RS 
o—_——— 
AUDIO INPUT EI c2 
GY Avis sac! & LO 
nes [¥'8 — auoi oureur 
To Rl 
AGC = 
BUS 
R2 


si / 


R7 


R8 C3 


AGC Controlled Audio Amplitier Circuiz 


A twin-triode electron tube is used, with half 
connected as a d-c control aripiifier, and half, 


operating as the bins controlled firet andin 


and 88. The cathade of ¥ 


erailieeriat the onstios 
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and R?. In this manner t 
positive than the plate of ° 
bicsing orrergement. Resista F 
the thresnicld control, 
the second audio stage, R5 is the plate locd resi tot, ane 
C2 is the coupling cupucitor. Cethoce bypas 
is accomplished by C3, 

With ne signal applied, the receiver AGC delay voltage 
of approximately +1.5 volts is eppiied to input voltage ai- 
vider Rl and R2. Since the grid of VIA is connected a- 
cross R2 oniy that voltage apgecring acress effes 
in driving the grid; spproximate.y one-fifth Cao at 
lost across Rl. Beccuse Rl is connected ir, series 
between the AGC bus and the gris of VIA, eny loacing of 
the AGC bus by grid current flow is prevented zy the nigh 
resistance of Rl. Cathode bias for VIA veloped a- 
cross threshold control R8, which is bypassed fer audio 
frequencies by C3. Thus the average cathode bios re- 
mains unaffected by the signal cr by instentaneous changes 
in the plate current of VIA, Switch Sl is normally closed tc 
complete the cathode circuit; wien it is the squelch 
circuit is made inoperctive, 

As the positive input (AGC ceicy} voltage causes VIA 
to conduct, a negative vcltage ra 
current flow through R4, Current flow is trom tl 
of VIA to the plate, through R4, anc through the valtuge 
divider to the supply. Thus the end of R4 which {.; cirect 
connected through As to th: 


negative when picate current increases in VIA. 
negative bias on the grid of VIB tiases tr 
to cutoff, silencing the receiver. po 
off occurs is determined primarily by the setting of threshold 
control R8. When R8 is adjusted so thet heavy plate cur- 
tent flows in VIA, a large bice is producec ond only a very 
small positive signal is necessary to drive the squelch 
sufficiently to produce cutoff contre! bias. 

When the incoming signa! produces a negctive AGC 
voltage in the receiver it causes plate current flow through 
VIA to be reduced. The reduced plate current produces a 
smaller voltage drop across Rd, thus reducing the bias 
applied to VIB grid, and permitting tne audio stage to ope- 
rate. The audio output reaches maximum when squelch tube 
VIA is cut off. In 2 typica. circuit, an AGC voltage of 
—0.3 volt will ungote the audio stage and the output will in- 
crease unti! the AGC voltage reaches 0.8 voit. At this 
time, the sque!ch tube is completely cut off, normal bias is 
applied to the audio stage, and full audio cutput is obtained. 
the accompanying chart shows a typica! squelch sensiti- 
vity curve, 
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VOLTAGE 
10 
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INPUT VOLTAGE 


Squeick Sensiti.ity Curve 


Once the squelch tube is completely cut off, normal fixed 
bias for operation of the cucio stage is suppiiea by the 
voltage divider connected to the cathode. By emplo 
ard R7 as unbypassed cathode resisters, some cathod 
generation is provided to improve the linearity of the 
audio amplifier. Any audio signal apvearing on V1B giz 
will not affect squeich operation, because sque i 
VIA is cut off when full output is 
time the squeich is biasing eff VIB and 
the audio output, any audic voltage co 
the squelch plate is attenuated by the 
value of R3 and has no effect cn circui 
though there is a slight delay from age 
to the receiver until the circuit 
is only a few microsécon ts (hich apyears te be } 
taneous} and has no effect on the intelligibility of 
signal. 


FAILURE ANALYSIS. 
Squelch inoperative. Lack of sr 
open plate or cathade circuit, ora d 
vent squelch tube VIA fro:.: opertin, 
not supply a positive de i 
R2 is shorted, the circuit also will 
the voltaje from the grid of ViA to ground with gc voltmeter, 
also the voltage on the AGC bus. Voltage at the bus, but 
not at the grid indicates either Rl is epen, or R2 is i shorted cs 
Use an chmmeter to check thes I$: is a 
tive, the cathode circuit wil! be open and the sgueleh 
not operate. Moke a continuity check 
plate resistor 44 is either open or s 
developed to control the audio st 
not operate, | i 
voltage ind 
plate of ViA and the sque 
defective, 4 is skerted, 
R& is set too high. Replace 
and adjust the thres; 
not operate, remove plete 5 
of R4, and R3. It R3 is short 


T input signal, an 


1 operate 
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but the audio will be red 
tive. Cr the other nand, if R318 oven there : 
be a reduced audio output and the squelch will not operate. 
Squelch Operates, Audio Output Revs When the squelch 
operates, but the audic output is iow, the receiver 
applying a weck audio signal, o ¢ : 
properly biased Check tre bias vo 
eter te locate t 
siaial fr 
A larger outout ind 


A voll 


e grid wi VIZ 


© ovetating oan that 


ee 


two general classes of r-f ampli iers, the untuned 
and the tuned amplifier. In the untunec amplif 
is desired over @ large r-f range, and the main function is 
amplification alone. In the tuned :-f amplifier, very high 
amplification is desized over only a sriall Tange ot trequen- 
eles or at a single trequency. Thus, in addition to amplifi 

‘on, selectivity is also desired to seperate the wanted from 
‘be unwanted signals. The use of the tuned -f amplifier 
is generally universal, while that of the untuned r-f ampli- 
fier is relegated to a few special cases. Consequently, 
when t-f amplifiers are mentioned, they are ordinarily 
assumed to be tuned unless otherwise specitied. f 
element usually consists of a parallel-resonant L-C circuit. 
iemay Be inductively tuned hy @ meveble slug, : 
tank capacitance lixed in value or consisting of the sity 
and distributed capacitance existing in the circuit. Or, as 
is usually the case, a fixed or slightly adjustable inductor 
determines the high-iréquency limit, and a tutung capacitor 
is used to tune to the desired irequency or over a range of 
Heeheies: 

In b Fecervin Ag ge irom theit-f eg, Her serves to poth 

the proper frequency; in 
I-ternuis fulig. A pool 


tfamplifier will mal 1 eguinment able te reenon: ily 
tfamplifier will make the equipment able t ond only 


to lerge input signals, whereas a good r-f amplifier will 
bring in the weak signals above the Wuulibua nose evel 


ancy spectrum « 


f 


toa- 


addition, it sone 10 fix the signs, 


and tus permit reception which would other impos- 


sinle. The rt ompiitier emediignee 


yalso user es an i 


T Positive potential now 


sind Taighe frequenc 


uny sideband frequencies producea by modulation) to a 
able ior application to the antenna. Basicaily, 
the receiver t-i amplifier is a voltage amplifier, while ihe 
the transmitter r-f amplifier is c power amp hits et. 
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parameters is necessary to obtain proper operation. In the 
medium-, low-, and high-frequency ranges, con'rentional 

tubes and components are used. In the VHF, SHF, and micro- 
wave ranges, specially designec tubes and components are 
required to obtain optimum results (for example, the traveling- 
wave tube and the multi-cavity klystron). 

In addition to the design requirements imposed by fre- 
quency, other considerations are often involved to obtain 
less noise and good selectivity with sufficient amplificction, 
such as those involved in cascaded and cascoced stages. 

In other instances the t-f amplifier not only amps ith ers, 
but also serves to multiply the frequency. 
various types and classes plifiers 


in the tollowing poregraphs 


PENTODE R-F VOLTAGE AMPLIFIER. 


APPLICATION. 

The pentode r-f voltage amplifier is universally used as 
the input stage in receivers or other cascaded z-f amplifier 
stages to provide a high signal-to-noise ratio with maximum 
voltage amplification. 


CHARACTERISTICS. 

May be either tuned or untuned. 

Operates at a specific r-f frequency or is tunable 
over a tange of rf frequencies. 

Provides high gain (160 or better). 

Uses impedance coupling ct :nput or output where hich 
gain is not required, and transtormer coupling with or without 


tuning fur high 
Uses cathode bius, of contact sius ior Tee 
signals. 


Operates Class A at cil times. 


CIRCUIT ANALYSIS. 
General, The pentode r-i voltage amplifier may be 
When untunes, stray wiring and 


€ capacitance 


ponse, ania Rence th 


On the other 
hand, the tuned i f oie uses a parallel resonant 6 areuly 


the load voltage ts 


sed to omplify CW or vcice- modulated si 


ap aliet) cuba hencar he 
GUS), Whercds road San. 


are sed ta ompiity television, video, or cuise-n 
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plifiers cover the range of 5 to 10 me around the center fre- 
quency. Generally speaking, narrow-band amplifiers used 
the same types of pentede tubes used with resistance- 
coupled audio amplifiers, and brocd-band amplifiers use the 
same type of pentode as is used with video amplifiers. 

The tuned s-f amplifier may also be subdivided into 
two other classes: single-tuned and double-tuned. Since 
the double-tuned type is usually employed in tuned inter- 
stage amplifiers and cascaded stages, and these are the 
subjects of separate discussions later in this section of the 
Handbook, only single-tuned amplitiers are discussed here. 

The use of the pentode, with its high transconductance 
and amplification factor, results in a high value of voltage 
amplification. In addition, the lew grid-to-plate capacitance 
of the pentode reduces the tendency toward plate to-grid 
feedback and self-oscillation, A lower effective tube input 
capacitance also increases the high-frequency limit of 
operation. By the use of coils with a high ratio of inductance 
toresistance (Hi-Q), the amplification provided by each 
stage of the tuned r-f amplifier can be made greater than 
that of the amplification factor of the electron tube alone. 
Since the amplification of the r-f amplifier desends greatly 
upon the transconductance of the tube, it is also possible 
to vary the grid bias for the stage in accordance with 
signal amplitude, and hence automaticaliy control the gain. 

Circuit Operation. The accompanying schematic shows 
a typical pentode signal-tuned r-f voltage amplifier 


circuit, 


T2 


Pentode R-F Voltage Amplifier 


In the schematic, T) is an r-f transformer which matches the 
antenna to the control grid of the pentode. Tuning the 
secondary of Tl with Cl permits a larger signal to be 
developed across the Hi-Q tuned circuit, and applied to the 
grid, than if no tuning at all were employed, Resistor Rl 
and capacitor C2 form the conventional cathode bias resistor 
ond bypass capacitor. See Section 2, paragraph 2.2.1, of 
this Handbook for a discussion of cathode bias, Resistor 
R2 is the screen voltage-diopping resistor, and capacitor 
C3 is the screen bypass capacitor, which stabilizes the 
screen voltage and prevents it from being affected by the 
signal. The suppressor element of V1 is grounded directly. 
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In some circuits it is connected externally to the cathode; 
in certain types of tubes it is connected internally to the 
cathode. R-F transformer T2 acts as the plate load and 
couples the output to the next stage. The output winding 
is tuned by C4 to the desired 1-f output frequency. While 
C4 could be placed across the primary of T2 and the 
secondary left untuned, the conventionel approach is to 
tune the secondary. With proper design the circuit is 
effective either way, and the secondary load is reflected into 
the plate circuit. 

When a signal appears on the antenna, it is coupled 
through the primary of T] to the tuned secondary (grid 
input) circuit. With capacitor Cl tuned to the frequency 
of the incoming signal, a relatively large r-f voltage is 
developed across the tuned circuit and epplied to the grid of 
Vl. The t-t signal, if unmoduiatec, consists of equal- 
amplitude positive and negative cycles occurring at the 
frequency to which the circuit is tuned. For the moment, 
any fading or noise is considered negligible ond the input 
signal is considered to be of constant amplitude. On the 
positive half-cycle the grid bias is decreased, causing a 
plate current increase. On the negative hali-cycle the 
bias is increased, causing a plate current decrease. This 
changing plate currerit flowing through the primary of out- 
put transformer T2 induces an output in the tuned secondary 
winding. This operation is practically identical with that 
of the Transformer-Coupled Audio Voltage Amplifier 
previously discussed in this section of the Handbook. 

Fer ease of discussion, tne signal is considered to be 
a sine wave with equal-amplitude positive and negative r-f 
swings. The average plate current flow, therefore, will be 
constant, and cathode bias may be employed. It is important 
to note that the r-f amplifier operating as the first stage in 
the receiver is usually a small-signal amplifier. That is, 
the input voltage is on the order of microvolts, except in 
strong-signal areas. Therefore, a small signal voltage 
change causes only a very small bias change, and it is 
necessary to employ high-transconductance electron tubes 
to produce effective amplification. The pentode tube is 
admirably suited for this purpose, since it has both a high 
amplification factor and a high transconductance. By 
using a large value of inductance and a small tuning 
capacitance for the frequency involved, and also as 
small a coil resistance as is practicable, the tuning 
circuit exhibits a Hi-Q. Thus, its effective impedance is 
much larger than that presented by a tuning tank of low Q. 
Hence, a large input voltage is developed between grid 
and ground across the tuned circuit. With a step-up turns 
ratio from transformer primary to secondary, if closely 
coupled, a still larger input voltage is produced. The step- 
up of voltage in the transformer and the Hi-Q tunedgrid tank 
increase the small input voltage before it is cpplied to the 
tube for further amplification. Normally, Class A bias 
is used to produce linear swings and to minimize distortion, 
With very small input signals however, operation. occurs 
over the curved portion of the plate- current grid-voitage 
characteristic. For example, typical bias values range from 
0.5 to 1 or 2 volts maximum. Thus, the tube is clearly 
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operating very close to zero bias, and the Eg-Ip curve in 
this region is never straight. This results in uneven posi- 
uve ond negative swings, and this produces distortion. For 
rf ampliti inn, ql is lara: in 


-f amplifiers where the input signal is large, as in cascaded 
f the 


or i-f stages, a larger bias and a more linear portion o 


When the inpui signal is mudulated, eact if bee uidy 
be of different amplitude; thus, considering each cycle to 
be amplified linearly, the modulation is likewise amplified 
proportionately producing on over-all modulation envelope 
which is almost identical with that of the original modu- 
lation. A slight difference (usually a reduction in modulation 
factor) exists; this is produced by distortion, which will b 
drscussed in more detail under Faviure Analysis. 

When small values of bias are used in the input stage 
and large signals are applied, dslortion occurs because 
the signal is partially clipped off in the plote circuit. In 
addition, glid current tlow creates a 
path between the grid and the cathode, which effectively 
lowers the grid tank Q. As a result, the ie signal and 
over-all amplification of the stage are reduced. Therefore, 
it is common practice to employ a variable cathade resistor 
for manual gain control, or to provide some means of auto- 
matic bias (gain) control. For a complete discussion of 
AGC circuits, refer to Section 21, Control Circuits, in 
this Handbook. 


low-resistance (shunt) 


FAILURE ANALYSIS. 


No Guipet. Loss:of plate, screon,or filament yalt- 


age, or a defective tube, can cause no output. The voltages 
can be checked with a voltmeter, and a open filament can 
sometimes be observed by noting that the tube is not iliume- 
nated and feels cold to the touch. If the plate, screen, and 
filament voltages are normal, substitute a tube to be good. 
If there is still no output, check the input transformer by 
applying a modulated voltage from a signal generator to 

the input terminal and observe whether there is an input 
voltage on the grid (use a VTVM or an oscilloscope and r-f 
probe as the indicator), An open screen resistor (RZ) 

will be indicated by the lack of screeri voltage. Similarly 

a shorted screen capacitor (C3) will drop the screen valtage 
to zero und cause RZ tw heat utnormally. The short circuit 
condition may be observed visually by smoke from or dis- 
coloration of the resistor. An open or shorted eathode: bypass 


Sonceier ie) 


indication; however, & Lorsdnoro! 


tn fuct, on very simul) signals wither oud, 


obvious or may show oniy as a slight 


ienang 2 
ing on whether 1t is short-circuited or open-circuntea, there 


be necessary to disconnect one end to check for capaeutance 
orashort. Where an open coil is suspected, 1t can be 

checked for continuity es an ohmmeter. 
Reduced Output. Wher there is an opi 
her transformer T! or eS i 


exisls between the wiidiig 
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frequencies), the output wil! be reduced, rather than non- 
existent. Gn the other hand, at the lower r-£ frequencies 
the output moy be 


eK antanrt 
with an ohn 
in the coils, ue of screen resisco 


} screen voltage and reduce the 


Likewise, a1 
high-resistance joint or winding will lo stout, 
output can also be caused ae a detective tube, that is, a 
tube with low filament emission or on shtml sho 
the tube has an internal sh t wil 
current, thus producing a much greater than ¢ 
reducing the H 


output ace: 


signa) generator with a calibrated 
value of attenuation is required to reduce the output si 
to a low value or zero, the stage is operative and the 
trouble is external. 


Distorted Output. Improper plate or screen voitaye 


will cause a certain amount of distortion, le 
bias will also cause distortion, it wilt dep dtoa 
extent on the tube used, the input signa! emplitude, and ithe 
value of bias, Intermodulation between the side (modu- 
pic frequencies of a modulate input signal will create 


proper 


tube a “Ip characteristic. Nowmoli yy 


speuidl test equipme 
1s required to determine this condi | besices, 101s of 
little Consequence except io the design 
change in the modulotion factor is caused py the tact 
thatthe individual modulated sfcystes are oc iditferent 
amplitudes. Thus, the larger signals are amplified more 
than the smaller signais hecanse at the curvature of the 


LIKEWISE, Ui 


tube characteristic; this is also a design problem. Hum 
distortion may occur because of induced hum on 
corner at low signal ievels. This is normaly minimized 


by proper iilament bypassin: 
together with screen Lypassin 


distort 


yin the equipinerit Ge viigiiwary supped, CAG cys 


where the filters or bypass components ure defective. The 
use of an oscilloscope wili snow wrere the fiat appears 


4 not 
selective iading, which also cau i 


AM reception, 
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This actually causes modulation of the carrier of the de- 
sired signal by that of the undesired signal. Cross modula- 
tion is recognized as a form of ‘monkey chatter’’ heard in 
the background of broadcast stations, particularly where 
strong adjacent-channel signals are present. It is also 
recognized in voice communication by the clear, undistorted, 
but weak reception of the undesired station superimposed on 
the desired station. In the pause between syllables and 
words, the cross-modulating station can be heard clearly. 
The interfering signal may not be within the tuning range of 
the receiver used, although usually it is. Here again, the 
fault is due to curvature of the tube characteristic, and is 
eliminated by attenuation of the unwanted signal, either by 
selectivity or some other means. While usually a design 
problem, these types of distortion are mentioned here be 
cause it is possible in cettain instances that design speci- 
fications may be overridden by circumstances beyond the 
control of the technicion, such as when the ship is tempor- 
arily located close to another station. In this event, need- 
less time might be spent looking for trouble with-in the 
circuit. 

If too great a selectivity is employed, the side- 
bands will be partially clipped from a modulated signal, 
resulting in a form of frequency distortion. This can 
tesult from an incorrect setting of a selectivity control or 
from regeneration within the stage, which will produce 
sharper tuning. Hegeneration can be produced by operating 
with too low a screen voltage or insufficient screen bypass- 
ing, and by improper lead-dress when components in the 
grid or plate circuits are replaced. 


TRIODE GROUNDED-GRID R-F AMPLIFIER. 


APPLICATION. 

The triode grounded-grid r-i amplifier is used in receivers 
as a tuned voltage amplifier, particularly in the ultra-high- 
frequency ranges where it is impossible to use pentodes or 
beam power tubes. It is also used as a Class C linear power 
amplifier, especially in television transmitters. 


CHARACTERISTICS. 

No neutralization circuit is necessary. 

Can use either fixed or self-bias. 

Has low power gain, but relatively high voltage gain. 

Requires more driving power than a grounded-cathode 
stage. 

Grounded grid effectively isolates plate from cathode. 

Operates Class A biased for reception, and Class C 
biased as rf power amplifier. 

Usually used with disc seal or pencil-type, closelv 
spaced triodes at frequencies where coaxial lines are used 
as tank circuits. 

Particularly useful in wideband applications such as 
TV, because it produces increased output power and effi- 
ciency in a particular tube for a given bandwidth. 
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CIRCUIT ANALYSIS. 

General, While the grounded-grid amplifier is most use 
ful at UHF, it is sometimes used on lower frequencies for 
its inherent stability, and to avoid neutralization. With 
proper design, it also helps reduce '‘first stage noise!’ in 
teceivers. However, the grounded-grid circuit is not general- 
ly used at the lower frequencies because of the extremely 
high gain possible with grounded-cathode pentodes. In 
transmitting applications it is usually used as a Class C 
linear amplifier, particularly in those applications where 
the driver stage has surplus driving power, because only 
a small amount of power is absorbed by the grid circuit, 
and the remainder is ‘passed through’ to the plate circuit 
and adds to the total output because of the grounded-grid 
connection, 

Circuit Operation. The accompanying schematic illu- 
strates a typical grounded-grid circuit. For convenience, 
the tank circuit is shown as a conventional LC parallel- 
tuned circuit; in dctual practice, however, coaxial lines 
or cavities are used at the high frequencies, where this 
circuit is usually used. 


Coz 
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Typical Grounded-Grid R-F Amplifier Circuit 


Input coupling capacitor Ce, functions as both a coupling 
capacitor and a d-c blocking capacitor to isolate the input 
circuit from the antenna or previous stage. Thus, the cathode 
bias is not affected by theinput circuit. Radio-frequency 
choke RFC keeps the cathode above ground, since the grid 
is grounded to the chassis. Resistor Rl is a conventional 
but unbypassed cathode bias resistor which supplies Class 
A bias for V1 (see section 2 paragraph 2,2.1 for a discussion 
of cathode bias), The plate of V1 is series-fed through 
voltage-dropping and decoupling resistor R2 and tank coil 
Ll. Bypass capacitor C2 keeps the lower end of tank coil 
L1 at ground potential, and bypasses R2 for rf. Cl is the 
tank tuning capacitor, and the rotor is grounded to eliminate 
body capacitance effects when tuning. The output is cap- 
acitively coupled through Ce, to the next stage, 
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When an r-f signal appears at the input, the low react- 
ance of Ce, allows it to appecr on the cathode of V1 with- 


out any appreciable attenuation. The input a may be 
from i 


it may be that output ‘of a aed: wank cireuit, With the ‘quid 
at ground potential, V1 is biased by the total cathode 


w through Bl. With a positively biased cathode, 


ca Rl. With a positively biased cathade, 

the grid is effectively biased negative, and only quiescen 

Class A plate current flows. With no input signal there 

is no change in plate current and, consequently, no output. 
Assume that an unmedulated r-i signa! of constant 

amplitude appears at the cathode of V1. Since this signal 

appears between the cathode and ground, it con 


goubpdied | cedtOT Cae 
ween the V1 cathode and ground. The t-f choke presents 
igh impedance to ground, and prevents shunting of the 


ut signal to ground through bias resistor Rl. On the 


os 


so that a reduction of plate ci current occurs. Ig the plate. 
circuit, the tuned parallel tank circuit, L1, Cl, appears 
as a high impedance to the r-f component of the plate 


current. With less plate current flowing through the tanx 
impedance, less voltage drop is developed across it and the 
plate voltage rises toward the source voltage (become: 
positive swinging). Thus, a positive output signal is de- 
veloped and fed through Ce, to the next stage. It is evident 
that the grounded-grid circuit produces an output signal 
which is in phase (of the same polarity) with the input 
signal produ: 
During the negative half-eycle of operation, the cathode 
pecomes less positive (is driven in 3 negative direction}. 
A negative cathode swing causes the plate current to in- 
crease, and produces a large voltage drop across the output 
load impedance (tank circuit). Since the voltage drop 
cross the tank Causes the etfective plate voitage to be 
less, a negative output swing is developed. Again the out- 
put signal is in phase with the input signal. (This action 


aucee| in the cigey eho circuit, and corresponds 
with i 


Class A, and wi h equal positive and neg ative swings, the 
a 


verage value of piate current dues net ¢ The current 


SriLre, cycie; thus, cathode bias can be used, since t 
A 


rover intermoted. At the same time, the ine 


yottage. Nate that the tan 


f ginal to produce a high impedance an 4 


outpul. Thus, signals with a irequeticy vuiside U 


pass band are not amplitied, or are greatly < 


inated against. 


From the chave ia geneed ef circuit functioning, it 


ning of the quour ae aed 
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fier circuits. Further consideration is necessary to develop 
the actions that are peculiar to this circuit alone. 


Consider the following simplified equivalent of the 
groundedegrid circuit 


vi 


eau 4 


The input signal is shown as an d-c generator connected in 
series with input resistance RK. Actually, the cathode 
input impedance is inherently very low, and electron flow 

is from ground to the cathode, through the grid to the plate, 
and back into the suppiy, producing the polarities shown in 
the simplified circuit. Since the grid is placed between 

the cathode and the plate, when grounded it acts as a 

shield which divides the circuit into two parts — an input 
circuit and an an output circuit, both at above-ground po- 
tentials. Hence, any coupling is effectively minimized by 
the grounded grid. Since electrons flow from cathode to 
plate, some electrons will be intercepted by the grid and 
carried to grouna, “Thus, tiere will pe a greater flow of 

gti current than in the arounded-cathode circuit, where 

the grid is isolated from ground by a rel stively high imped- 
ance. For this reason, the grounded-grid amplifier requires 
more drive than the conventional grounded-cathode ampli- 
fier. Since feedback resulting in oscillation normally occurs 
from capacitive coupling between the output and input cir- 
s, the goud shielding of the grounded g 
effect toc minimum. In addition, the interelectrode ca- 
pacitances are reduced. The output cupacitance is the grid- 


this 
wus 


fordaie Cupuci lance, 3 usuclly the lowest in on 
electron tube; thus, capacitive shunting effects on the out- 


pula are reduced at the tugner radio frequencies to provide 


ef Hr 
pacitance is reduced, Since 1L18 the senes capacitance 


platestncgris a and gridstorcurhode inter 


, 80 uct weuirahz 


fa connected hatween the 

it is effectively in series with the tube 
plate circuit; thus, in tuned if voltage ompliliers tne Gut- 
put voltage is produced as though the circuit were driven 
in the normal manner (grounded cathode), but had an in- 
creased umplification factor of w+ 1. Hence, hich voltace 
quin is obtained. 
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It is important to remember, however, that the matter 
of qain is relative. A low amplification factor tube will 
not give as much amplification as a high amplification 
factor tube. Nor will a triode give as much gain as a 
pentode at the lower frequencies. Thus, even though we 
speak of the qrounded-qrid circuit as providing high qain, 
it does not mean that the gain is as great as that provided 
by the grounded-cathode circuit using the same tube and 
voltages. At the ultra-high frequencies where this circuit 
is most useful, the performance and gain are better because 
of the poor performance of the pentode. At the lower radio 
frequencies, it usually requires two stages of grounded-grid 
amplification to obtain resuits equivalent to those obtained 
with a single grounded-cathode pentode stage. 

In power amplifier applications, low power qain is 
obtained because of the increased drive requirement and the 
low input impedance. The low input impedance, however, 
does not absorb all of the input (driving) power and cause a 
complete loss. Instead, the driving power is fed into the 
plate circuit (it is connected in series with the plate and 
cathode circuit), and adds to the total plate power (less 
the amount needed to drive the tube). The additional plate 
power supplied by the driver is distributed between the 
intemal tube plate resistance and the tank circuit, so that 
only a portion is lost or dissipated in the tube plate. The 
total output power in watts is equal to Ip(ein + Ep}, where 
ein is equivalent to the rms value of grid voltage (Eg). 

In t-f power amplifiers with directly heated filaments, 
since the filament is also the cathode, it is necessary to 
use t-f chokes in the filament leads, or provide some other 
arrangement to keep the filament above ground and balanced. 
Tf the filament is not kept above ground, the filoment and 
grid would be short-circuited, and the circuit would not 
operate. 

When employed as a modulated power amplifier, the 
small portion of drive power which is inserted into the 
plate circuit remains unmodulated, making it practically 
impossible to obtain 100 percent modulation when plate 
modulation alone is used. 


FAILURE ANALYSIS, 

No Output. With proper bias and plate voltage, as 
checked with a voltmeter, only an open input circuit, lack 
of an input signal, or an open output circuit can result in 
no Output. With input coupling capacitor Ce, open, no signal 
will be applied to the cathode and there will be no output. 
With output capacitor Ce, open, the signol will not appear 
at the output. Likewise, if the tube is defective, no output 
signal will appear. If capacitor C2 is shorted or R2 is open, 
there will be no plate voltage on the tube plate; thus, no 
output will be obtained. The capacitors can be checked 
with an in-circuit capacitance checker, while R2 can be 
checked with an ohmmeter. If the tube is suspected, sub- 
Stitute a tube known to be good. Do not neglect the possi- 
bility that the plate supply fuse may be open. The voltmeter 
check will usually indicate cny abnormal operation, An 
open plate circuit will be indicated by no voltage at the 
plate. [f the tuned output circuit is shorted, plate voltage 
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will oppear to be normal at the supply, but will be entirely 
dropped across R2 and thus be zero at the tube plate. If 
the plate voltage is low, and excessive plate current is 
the cause, it will also cause a high cathode bias. If the 
bias is sufficient, the tube will be almost at cutoff and 
the output will be so low as to be mistaken for no output 
at all. If the cathode r-f choke is shorted, the bias and 
plate voltage will appear to be normal, but the input signal 
will be bypassed to ground through cathode resistor Rl, 
and there will be no output. Where V1 acts as a power 
amplifier, if Cc, is shorted or leaky, the cathode will be 
biased excessively by the plate voltage of the driving stage; 
this bias may cause plate current cutoff, and result in no 
output. 

Low Output. If the bias is high, the plate voltage low, 
or the tube defective, a low output will be obtained. Check 
the bias and plate voltage with a voltmeter; if the voltages 
oppear to be normal, replace the tube with a tube known to 
be good. With selective tank circuits, a small amount of 
detuning of capacitor Cl will attenuate the signal consider- 
ably. Likewise, a high resistance in the tank circuit, 
caused by a poorly soldered connection, may cause sufficient 
joss of signal beccuse of tow circuit Q (and reduced selec- 
tivity) to produce a reduced output. An increase in the 
resistance of R2 due to aging will cause on increased volt- 
age drop, low plate voltage, and low output. A change in 
the output load can cause a detuning effect on the tank 
and a reduction of output; the detuning can be compensated 
for by a slight readjustment of the tuning capacitor. If 
bypass capacitor C2 opens, the tank circuit, C1, L1, will 
tune broadly and resonate over a different range of fre- 
quencies, and, it R2 is sufficiently small, will cause loss 
of signal through absorption by the power supply. 

Distortion. The grounded-grid amplifier is subject to 
the same distortion possibilities as other r-f amplifiers. If 
the bias is too low, large r-f signals will in effect drive the 
arid positive, causing nonlinearity and saturation effects; 
thus, the plate waveform will be clipped at the peak of the 
cycle. If the bias is too high, the negative peaks will 
drive the tube to cutoff, clipping off the bottom of the 
signal. In both cases, a distorted output will result. Where 
modulated signals are amplified, it is important that the 
pass band of the tuned circuits be wide enough to avoid 
sideband cutting, or the missing frequencies will cause 
distortion. The possibility of increased selectivity due to 
regeneration is less with the grounded grid than with other 
circuits; however, the good shielding between the input 
and output may be nullified if the lead dress is changed 
during a repair. Hence, when distortion seems to occur 
only at certain frequencies or over ¢ narrow portion of the 
tuning range, or if whistles or squeals occur, neutralization 
or a lead dress correction may be required. 


CASCADE R-F AMPLIFIER. 


The cascade t-f amplifier is generally used in tuned 
radio frequency receivers to supply high gain and selec- 
tivity before detection. 
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CHARACTERISTICS. 

Uses a number of stages connected in cascade. 

Operates Class A for linear amplification. 

Usually operated self-biased, althouui: fixed bias may 
be used. 

Uses a single tuned stage in the grid 
tube, for selectivity. 

Uses pentode tubes for high gain, although any tube 
type may be used. 


cere 


CIRCUIT ANALYSIS, 
General, The cascade 1-f amplifier is conventional 
amplifier whose output is connected to the input of a similar 


stage, whi in turn, is ¢ 


Thus, the outputs are cascaded from one stage to the other, 
and a number of similar stages are used to provide high 
amplification. Usually three tuned stages are used, and the 
amplification varies as the cube of the single stege qain 

(go gain of i0 (per stage produces a total gin of 1000). 
While it is not necessary that the stage be tuned (untuned 
stages may also be cascaded), a higher qain is obtcined 
from the tuned stage than from the untuned stage. Hence, 
the untuned r-f amplifier is generally used only for special, 
wide-band applications. Likewise, it is apparent that 
either triodes or pentodes may be employed. However, with 
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triodes less over-all gain is obtained and the high grid-to- 
plate interelectrode tube capacitance produces inherent in- 
stability. Thus, to avoid the problem of neutralization and 
to achieve nigh gain per stage, the pentode tube is usually 
employed. 

Circuit Sperotion. The schematic of a typ, 
t-t amplifier is illustrated in the accompanying figure. 
Three stages of r-f amplification are provided, using trans- 
former coupling for convenience. While cll staqes are 
basically identical, the component values are not always 
the same. Usually the bias, plate, and screen voltages are 
different in the various stages, or at least they differ 
Poe iy pine, first and Babs nema stages. Since each 


Heeanene 
Gl cascade 


t st age and the eee 


he last stage is nece 


on the jast stage; the laid bics 
essary for this stage to handle the large output voltage 
swings developed in the first and second stages, Since the 
first stage plate swing is the smallest, it can operaie with 
a lower plate voltage and thus produce less ‘‘shot noise’! 
to provide a better signal-to-noise ratio without loss af 
qain. The final stage, of course, has the largest plate volt- 
age. The screen voltage is usually the same for all stages, 
except perhaps the first stage. 


14 


i8 the output transformer; TZ and TS ate interstage trans- 
formers. The primaries of the r-f transiormers are untuned, 
while the secondaries are tuned by variable capacitors. 
Although not shown in the schematic, these tuning ca- 
pacitors are mechanical ganged together for singleknot 
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circuit prunes a ‘high impedance at the grids of V1, V2, 
end V3, thus producing high gain ond good selectivity. 
Resistors R2, R5, and R8 are se 4 
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decoupling resistors for tubes V1, V2, ond V3, respectively, 
end are bypassed by capacitors C5, C3, and C12. Cathode 
(self) bias is supplied by resistors Rl, R4, and R7 for V1, 
V2, and V3, respectively. The cathode bias resistors are 
bypassed by capacitors C2, C6, and Cll. (See section 2, 
paragraph 2.2.1 of this Handbook for a discussion of 
cathode biasing and bypassing.) Capacitor C13 is a large 
filter capacitor used to minimize hum components in the 
supply source and possible impedance coupling effects 

due to the use of a common supply. The input may be from 
an antenna or cther source, and the output can be applied 
to other r-f stages or to a detector. 

In the absence of a signal, each tube is resting and 
drawing its static value of screen, plate, and cathode 
current. Electron flow is from ground through Rl, R4, or 
R7, through the grid and the screen to the plate, through 
primary coil L3, LS, or L7 and plate resistor R3, R6, or 
R9, back to the supply, The catnode current is the total 
space current through the tube, including both the screen 
and plate current (also including grid current, if allowed 
to flow), which biases the qrid negative because of the 
voltage drop developed across the cathode resistor. Similar- 
ly, screen current flow through the screen resistor produces 
a voltage drop with a polarity which opposes the source 
voltage, and thus reduces the screen voltage to the desired 
value. Screen bypass capacitor C3, C7, or C10 bypasses 
the r-f current variations to ground (when a signal appears), 
so only d-c current can flow through the screen resistor. 
The quiescent value of plate current flowing through trans- 
former primary L3, L5, or L7 is steady and this produces no 
output. However, in flowing through plate resistor R3, R6, 
or RQ, it produces a voltage drop with o polarity which 
opposes the supply voltage, thus reducing the effective 
plate voltage to the desired value. Capacitor C5, C9, or 
C12 bypasses any r-f current variations to ground (when a 
signal appears) so that only direct current flows through 
the plate resistor. Thus, any t-f variations cannot change 
the d-c plate voltage. With no signal applied, there is no 
output from any of the stages (except for slight thermal 
variations of plate current which produce noise); hence, 
there is no final cutput at T4. 

When a signal is applied to the primary of the input 
transformer, signal current variations through L.] produces 
a varying magnetic field which induces a voltage in second- 
aty L2 by transformer action. When tuned to resonance by 
Cl, a large voltage is developed between: the grid of V1 and 
qroun3, across the tuned circuit, and the turns ratic between 


L.1 and L2 determines the impedance presented by the input + 


to the V1 grid. In the case of an antenna input, a step-up 
turns ratio matches the low antenna impedance to the high 
impedance of the parallel-tuned circuit, for efficient power 
transfer. Assume for the moment that the r-f signal is 
increasing in a positive direction. The instantcneous 
positive grid swing produces a large instantaneous current 
flow in the plate circuit. This plate current flowing through 
the impedance presented by primary ccil L3 produces a volt- 
age drop across the T2 primary, and the changing value of 
plate current also induces a voltage into secondary L4. 
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When L4 is tuned by C4 to the same frequency as the input 
signal, a iarge voliageis also developed across this tuned 
circuit and is applied to the grid of V2. Stage V2 operates 
in o similar manner and supplies an cutput to stage V3, 
which further amplifies the signal and produces a final 
negative output from T4, (An even number of stages would 
produce an output of the same phase or polarity as the in- 
put.) 

When the input signal decreases, the plate current 
through V1 is reduced, and the reduction in current flow 
through L3 induces a smaller input voltage in V2, and 
likewise in V3, with a resultant smaller total output. With 
each tube operating Class ‘A’, equal positive and negative 
input signals produce amplified output signals of the same 
shape, but of larger amplitude and opposite phase. Cathode 
resistor R] is variable to provide manual control of the 
first stage bias, and allow adjustment to prevent strong in- 
put signals from driving the tube to saturation ond producing 
distortion. 

As can be seen from the above explanation, operation 
of the cascade r-f amplifier is similar to that of any other 
pentode r-f amplifier (discussed previously in this section 
of the Handbook), but with each stege designed to handle 
the full output of the preceding stage. The cascade r-f 
omplifier is the counterpart of the tuned interstage (i-f) 
amplifier, discussed in this section of the Handbook. It 
differs principally in the fact that it operates at a higher 
frequency, is continuously tunable over a large range of 
frequencies, and has somewhat less selectivity because 
only single-tuned circuits are used, with slightly less gain 
(depending upon the operating frequencies and number of 
stages employed). While simple transformer-coupled stages 
are shown and discussed, it is possible to use capacitively 
coupled stages, or other bandpass arrangements. 

The suppressor grid is shown grounded in the schematic 
to minimize plate-to-grid coupling through the interelectrode 
tube capacitance, and to provide better shielding between 
the input and output; thus, at high radio frequencies, the 
possibility of oscillation due to regeneration is rather 
Temote, so that no neutralizing arrangement is necessary. 
At the lower radio frequencies, the suppressor may be 
connected to the cathode without causing undesirable effects, 
since the r-f feedback is less. ; 


FAILURE ANALYSIS. 

General, The failure analysis for each stage of the 
cascade r-f amplifier is essentially the same as that for the 
single-stage pentode r-f amplifier discussed previously in 
this Handbook. In fact, the first-stage components of the 
cascade amplifier and the components of the sinale-staqe 
amplifier are identically symbolized, except that the plate 
decoupling filter (R3 and C5) was net included in the single 
stage amplifier. Therefore, this fcilure analysis will be 
confined to generalities conceming multistage circuits. 

No Output. Any trouble which preduces ¢ no-outpur 
condition in ¢ single stage will result in either a similar 
condition or a considercbly reduced output in the muitistage 
circuit. Because of the high acin and the possibility of 
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signal feed-through to a following stage by stray capacitive 
effects at radio frequencies, it is possible for a single stage 
to be inoperative and still have a substantial output from 
cascaded stages. In this special case, the loss in amplifica- 
tion can be observed by inserting on input from a signal 
generator and noting the output. Then, by successively 


epplying the sional to the following stage inputs farids} 
applying the sign: following stage Inputs (qrids) 


aqain observing the output produced by the signal generator, 
it will be noted that the output suddenly increases when the 
defective stage is passed. Ordinarily, the output would de 
crease from stage to stage, requiring @ constantly increased 
siqmal generator output as each stage is passed. If plate 
decoupling filter R3, CS, or R6, C9, or RY, C12 iails 

leither the fesisiG. Opens Gi Lie Cupyciion }, the 
plate voltage of the affected stage will be zero and no out- 
put will be obtained (neglecting the possibility of stray 


coupling). 
Check the plute, all ollages te ground 
with a voltmeter; omy abnormal voltage will localize the 


nge 
trouble to a specific stage and to the parts associated with 
that tube element. Be certain to check the supply voltage 
also; there may be a defect in the power supply. With 
normal voltages and no output, either an rf transformer 

or a tube is defective. Replace doubtful tubes with tubes 
known to be in good operating condition. 

Low Output, High bias, low plate or screen voltage, 
and a defective r-f transformer or tube can cause the out- 
put to be low. First check the plate, screen, and cathode 
voltaqes of each tuke to verify that the dec bias and opera 
ting conditions ure nermal. Connect on output indicator to 
the output terminals, and insert a strong signal (within the 
tuning range) from a signal generator co the grids of V3, 

V2, and V1, respectiveiy, (use a d-c blocking capacitor in 
series with the generotor output). As the generator is moved 
from stage to stage, adding additional amplification, it 
should be necessary to decrease the generator output to 
maintain a constant output indication; otherwise, a lack cf 
qain is indicated. If an Usaillogcape and on rf probe are 
available, the signal generator can be left connected to the 
input, and the signal traced from the grid to the plate of 
stage with the rf probe. With tne generator set to a 


Waaaclomenntesan shat als 


specific frequency, tune the tank capacitors abeut this 
frequency. An increcse in amplitude should be obtained as 
ihe signal is peaked; it an increase is not optained, the 


tuned Cifculle are orobably defective. Since the scree 


and cathodes are qrounded (tor rt} through Ovbass capaci- 


rors, ne siqnal will ne observed at the s 


unless one of these capac 


n the siqnal or 
¢ t 
imiagdiately afte fhe point to be checked. Por exumpie, if 
the output of the first stage is to be checked, the ppae 

should be applied to the qticc of Vi and the fel 
TOSS the ni ot 


diately ahead, or taken 
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therefore, the V2 gain. By inserting the signal at the plate 
of V2, only rf transformer T2 will be checked, whereas by 

inserting the signal at the grid of V2, both the amplification 
of V2 ond the opera: 
qain due to aging of tubes over a long period of time can 
ocent in multistane (cascaded) eof amplifiers, and may not 


‘weuennare a) abe reduett sovere:. Inthis sasaval 
be apparent until the reduction is severe. In this case all 


indications and voltages appear normal, except that the 
equipment does not seem to be performing satisfactorily and 
most signals ore weak. Where maintenance standards are 
provided for the equipment, ¢ simple comparison will 

teveal the deficiency. It should be kept in mind that each 
stage should produce additional qin: therefore, any stage 


shOwlig WO qui is probably de! 

Distortion or Poor Selectivity. Low bias or plate volt- 
age will cause distortion, as will low screen voltage. Since 
the screen voltage fixes the range of plate swing, it has 
more effect in producing disturtion than nye in 
plate voltage. Driving the plate voltage below the screen 
voltage will produce distortion, and in some instances 
cause @ negative resistance condition resulting in unwanted 
self-oscillation. In multistage amplifiers, the possibility 
of cross-modulation and intermodulation distortion exists 
to a qreater extent than in single stages; however, the 
causes are the same. 

In tuned radio frequency amplifiers a strong signal tends 
to block the amplifier and broaden the response curve, so 
that cross modulation effects are not as noticeable, By 
adjustment of the manual qain control, the effective arnpli- 
fication can be reduced to prevent overloading on strong 
signals; thus, the nonlinearity introduced is avoided, and 
any cross modulation and intermodulation distortion are 
minimized. Poor tracking of ganged tuning capacitors can 
also produce either a loss of qain or distortion by cutting 
off frequencies outside the pass band of the individual 
stage. However, single-tuned rf stages ure usually so 
broad in tuning that slight differences {in pass band or 
Resoncnee) merely broaden the over-all tesponse curve, so 
ihat only poor selectivity results. Proper adjustwent of 
trimmer and padding capacitors will restore the initial 
selectivity, but cannot compensate for peor design. 


CASCODE R-F AMPLIFIER. 


APPLICATION. 


The cascade -f amolitier is employed as ¢ high-gain, 


jJow-ncise r-f input stage to h jency receivers. 
CHARACTERISTICS. 

Two triades provide the equivelent maximum gnin of 9 
pentode with reduced noise. 

Noise equivalent is equal to that of a singie wiode 
stage. 

Grounded-grid stage stabilizes the circuit so that 
neutralization is not normally required, 

Uses Class A self-bias, although-fixed bies can be 
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CIRCUIT ANALYSIS, 

General. The cascode circuit consists of a single, con- 
ventional grounded-ccthcde input amplifier, connected in 
series with a grounded-grid amplifier stage which contains 
the output load. In most instances the two tubes are tri- 
odes, although they could be triode-connected pentodes or 
a combination of pentode input and triode output. To obtcin 
the low-noise feature, the triode output must be used. This 
circuit, like the grounded-grid circuit discussed previously 


hie 2 


INPUT 


ee 


Typical Cascode R-F Amplifier 


In the schematic, Cl is a coupling capacitor tapped on the 
lower end cf tank coil Ll. It is made variable to provide a 
slight amount of inout tuning. Input tank circuit L1, C2 is 
coupled through capacitor C3 to the grid of V1, The low 
reactance of C3 to the r-f signal allows maximum signal 
(developed across the tank) to appear on the V1 grid and 
prevents the d-c shunting of the grid signal to ground 
through Li. Cathode bias is provided by R2 bypassed for 
rf by C7, and Rl is the grid-+eturn resistor, Tube V1 is 
connected as a conventional grounded-cathode amplifier, 
with V2 acting as tne plate load impedance. Inductor L2 
helps match the low inout impedance of grounded-grid stage 
V2. The grid of V2 is returried to the cathode by R3, which 
develops contact bias, and is grounded for rf by C4. The 
plate load of V2 consists of the parcilel-tuned tank, L3, 
CS, with outout winding L4 inductively coupled to it. 
Resistor 34 is a plate decoupling and voltage dropping 
resistor, bypassed by C6. This series-feed plate arrange- 
ment allows the rotor of C5 to be grounded to avoid body 
capacitance effects when tuning, 

Operation of the cascode circuit can be better under- 
stood if operation of each tube is considered separately, 
and then opercticn of the two tubes combined. V1 repre- 
sents a conventional triode r-f amplifier using cathode 
bias and shunt grid feed, with the plate direct-connected to 
the next stege. The plate voltage for V1 is obtained through 
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in this section of the Handbook, is usually employed at 
frequencies where the effective amplification af pentode 
and beam power tubes drops off as a result of high- 
frequency effects. It is seldom used at frequencies lower 
than 30 megacycles, since equivalent or better performance 
can be obtained with careful design by using a single pen- 
tode tube. 

Circuit Operation. The accompanying schematic il- 
lustrates a typical triode cascode r-f amplifier circuit. 


ANAT 


OUTPUT 


Leer 


V2, which acts simply as a dropping resistor. Thus, as- 
suming equal plate currents and plate resistances, 

the plate voltage of V1 is half that applied to V2 less the 
cathode bias of Vi. Cathode bias is supplied by R2, 
since the total currents of V1 and V2flow in series through 
it. Signal current variations do not affect the bias because 
R2 is bypassed for rf by C7, (See section 2, paragraph 
2.2.1 in this Handbook for o discussion of cathode bias. ) 
Bias is selected so that plate current flows at all times 
(Class A), and so that V1 operates over the linear portion 
of its grid-voltage, plate-current transfer characteristic 
curve. The grid of V1 is returned to ground through Rl] so 
that electrons cannot accumulate, bias-off the tube, and 
block operation. The value of Rl is large enough that 
none of the input signal is shunted toground. Thus, when 
an input signal appears on Cl, it is coupled into the tuned 
tank consisting of L1, C2. By tapping Cl down on tuning 
coil L], autotransformer action is obtained to step the low 
antenna impedance up to the large value of parallel imped- 
ance offered by the tuned tank. Thus maximum power 
transfer is obtained between the antenna and the tank, The 
input signal appears as on r-f voltage across the tuned in- 
put circuit, and is applied to the V1 grid through coupling 
and blocking capacitor C3. Since C3 is in series with the 
input, the grid of V1 is isolated from the input circuit as 
far as de is concemed, but is connected for rf. 
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When an input signal is applied, it is coupled through Cl 
to the tank L1, C2, which at resonance provides an increased 
signal to C3 and develops a voltage across Rl, which, in 
tum, is applied to the grid of Vi. Assuming that the input 
signal is increasing in a pesitive direction, the grid bias on 
Vl is decreased und causes the cathode and plate current to 
increase. The instantaneous increase of cathode current 
has no effect on R2 since it is bypassed by C7. However, 
the increased plate current flow througn L2 (and tube V2) 
drives the cathode of V2 more negative, and since the grid 
of V2 is held at around potential the effect is as though a 
positive voltage were applied to V2 grid. Thus the plate 
current of V2 also rises and the drop ucross the plate tank 
uevelans a tank corrent Haw in [3,5 which is inductively 
coupled to the output by seconcary coil L4. With the out- 

put winding connected in-vnase, an output voltage that is 
in phase with the input signal is produced, 

Conversely, when the input signal to V1 is operating 
over the negative nalf-cycle, the bias on V1 is increase: 
by the input signal, and plote current flow in V1 is reduced. 
The reducing plate current flow in V1 allows the plate volt 
age to rise towards the supply value, driving the direct- 
coupled cathode of V2 in a positive direction. When V2 
cathode becomes more positive, the plate current of V2 is 
reduced, while the plate voltage rises and induces a in- 
creasing voltage intank. When connected in-phase the tank 
output is negative during a negative input signal to V1. 
Since toth V1 and V2 are connected in series, the output 
voltage is only half of what it normally would be with one 
tube. The noise, however, 1s only one quarter of that pro- 
duced by a single high-gain tube. So that a large reduction 
in tube noise occurs inthe amplified output signal. In ad- 
dition to noise reduction, the circuit is prevented from 
oscillating (stablized), This acticn and the etfect of cir- 
cuit loading ere explained in the detailed functioning of 
puitiuns uf the circuitas discussed below, 

Assume for the moment that the input signal is again 
going positive. The bias on the V1 grid is momentarily de- 
@oeased ate an increased plate current momentarily flows. 
In flowing through L2 the current develops a small emf, 


iahieh dee cB eoboKe wll the voltae fed back fron. plate to 


out-of-phose ne ve.tag 


and through the olute- ean rd interelestrode capacitance, and 
helps pre’ 


nt self-oscilla an of Vi. When the 


ts momentari he rel 
nterily Increased and 


input signal 


the 


Guyh 


wluves-o-vatying voltage drop which is the out 


the lute fete for Vi consists vi V2 and its 
C5, In addition, the reflected 


Btun and the 
COUR Z Saat 


ed to the V2 plate. Since 
J in series with Vi, the plate resistance ot 


e 
input resistance of V2, the qraoneda arid 


miakecauious ap AR 45 ia. te 
3 the cutput of Vi to ground, but is in- 


he series reactance added by L2. This, L2 
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of V1 alse appears on the cathode of V2, and, since the 
grid of V2 is grounded, in effect appeurs us an oppositely 
polarized signal on the qrid. Thus, a positive output on the 
cathode of V2 appears as a negative signal on the grid of 
V2, and causes a decrease in the plate current of V2, 
Conversely, ¢ negative cothode signal appears as c posi- 
tive grid signal, and causes an increase in the plete currer.t 

{ V2. Since the input ond output of the grounded-grid 
stage are in phase, both tubes operate in the same di- 
rection. That is, as the current of V1 increases, so does 
the current of V2(bcth in the same direction). This is 
necessary since both V1 and V2 are series-cennected, and 
the same current flows through both tubes. When the plate 
current of V2 increases, 9 valtage dran appears across 
tank coil L3, and an output voltage 1s induced 1n coupling 
oi} L4 through transformer action. Similarly, when the 
plate current decreases, an output voltage of opposite 
polarity is develcped. 

The discussion above covers the individual operation 

f the separate stages of the cascode amplifier without 
considering the effects of combined operation. To com- 
plete the discussion of circuit operation it is now necessary 
to examine the manner in which those amplifiers operate 
when connected in series across the plate supply. The 
normal cascaded amplifier operates in parallel with the 
supply, and with its grid connected effectively in series. 
The cascode stage operates in exactly the opposite manner. 
Both tubes are fed their plate voltage in series, so that the 
plate resistance of one tube acts as a dropping resistor for 
the other tube. Although one stage is grounded-cathode and 
the other is grounded-grid, their grids are effectively con- 
nected in parallel. 

The simplified equivalent schetnatic below shows the 
d-c representation ofthe circuit. It is clear that there is no 
d-c connection between the grid and ground or between the 
cathode and grounded of V2 except dirough V1. 


2g 
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With no signal applied, the tubes are resting in a 
quiescent condition, with the same plate current flowing 
through both V! and V2. The plate voltage of V1 is de- 
termined by the drop across V2 and R4, and is further re- 
duced by the amount of cathode bias developed across R2. 
As the V1 plate voltage increases (with a signal), the V2 
plate voltage decreases, since the total supply voltage does 
not change. The V1 grid voltage is the cathode voltage 
drop produced by the total cathode current times cathode 
resistance R2, plus any signal-excitation voltage. With a 
practically constant cathode current, this bias voltage 
changes very little. When the plate current through V1 de- 
creases (because of a negative-swinging input signal), the 
plate voltage of V1 increases; at the same time the V2 grid 
voltages increases, since the plate voltage increase of V1 
is applied directly to the cathode of V2. Thus, the current 
through V2 is caused to decrease also to correspond with 
that of V1. Any increase or decrease in plate current 
through V1] and V2 (caused by the input signal) produces a 
corresponding increase or decrease in output voltage 
across load resistance RL. This load resistance is the 
impedance offered by the tuned tank at the frequency of the 
input signal. The result is to provide a relatively constant 
amplification through V1 and V2, equivalent to that of a 
single triode tube operated with a reduced plate voltage. 

Although maximum gain is obtained, since it is produced 
ata relatively low plate voltage with a minimum change in 
plate current, less noise is produced than for an equivalent 
gain obtained with a large change in plate current. The 
isolation provided between the input and output circuits by 
grounded-grid stage V2 minimizes any feedback between 
the input and output. Therefore, self-oscillation is pre- 
vented and neutralization is unnecessary. (Although in 
some circuit versions V1 is neutralized, this is not done 
to prevent oscillation, but rather to increase the input 
admittance so that high gain may be obtained.) By main- 
taining a relatively constant plate current, the circuit pro- 
duces a very linear output signal, because the gain is 
independent of plate resistance and equal to the tube 
amplification factor at all times. Thus, the normal drop- 
ping off in effective amplification at high radio frequencies 
is overcome by the cascode circuit. The decrease in noise 
output and the increased gain at high frequencies make 
this circuit most useful, and provide a much better signal- 
to-noise ratio than any other circuit combination. 

The reason for the decreased noise is not the reduction 
in shot-effect alone (random variations in the rate of 
electron emission from the cathode produce a hissing noise 
called shet effect), because of the low plate voltage used. 
The decreased noise is also due to a reduction in the 
‘induced grid noise’ and the ‘‘flicker effect’. The in- 
duced noise is reduced because of the low effective 
impedance of the grounded-grid circuit. The flicker effect, 
which occurs because of small temperature changes in 
oxide-coated cathodes, is reduced by holding the plate 
current relatively constant. Thus, the space charge within 
the tube remains relatively large and constant, and any 
increase caused by flicker effect is swamped out, since 
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any increase in the negative space charge returns the stray 
electrons to the cathode rather than to the plate. 

The combination of a cascaded grounded-cathode and 
grounded-grid stage is also often used and referred to as a 
cascode amplifier. This change in circuit is accomplished 
by adding plate voltage dropping resistor Rx, shown in 
dotted lines in the schematic above. This circuit is not 
two series stages with a common plate voltage; it is simply 
two separate circuits connected in cascade. Although 
constant gain is not achieved by keeping the plate current 
in V2 relatively constant, almost identical results are 
obtained. In fact, the cascaded form of cascode circuit 
provides additional gain, since each stage operates separate- 
ly as on amplifier. However, the flicker effect is not 
eliminated, and as each stage usually operates at a slight- 
ly higher plate voltage than each stage in the original 
cascode circuit, slightly more shot noise is produced. Be- 
cause of the increased signal gain, however, the increase 
in the noise figure is not very evident, since the signal 
tends to override the noise, 


FAILURE ANALYSIS. 

General. The failure analysis applicable to the 
grounded-cathode r-f amplifier and the grounded-grid r-f 
amplifier may be used as a guide, particularly where the 
cascaded form of cascode circuit is used. Since the tubes 
normally have their plates series-connected, the following 
analysis applies only to the orginal cascode circuit. 

No Output. In the series plate circuit consisting of 
R4, L3, V2, L2, V1, and R2, any open circuit will prevent \ 
operation and thus cause loss of output. Normal plate and ™N 
cathode voltages will indicate either no signal applied, a S 

SS 


a 


defective tube, or an open input or output circuit. Always 
check the supply voltage when checking plate and bias 
voltages, to verify that the supply is operating normally. 
If the input circuit is defective, placing the antenna (or 
other input) directly on the grid of V1 should produce an 
output. A resistance check of L4 will verify continuity, but 
not necessarily indicate a short circuit since the coil 
resistance is usually less than 1 ohm in either case. With 
an oscilloscope and r-f probe, the signal can be checked 
at the plates of both tubes; if the signal is present, L4 is 
defective. If R3 opens, the grid of V2 can become blocked 
by the accumulation of electrons on C4. A resistance 
check will indicate whether R3 is of the proper value. If 
either Cl or C3 is open, no signal will be applied to the 
V1 grid. Use an incircuit capacitor checker or temporarily 
add a capacitor equivalent in value to C1 or C3 to determine 
whether an output con be obtained. If the tubes are suspect- 
ed, replace them with ones known to be in good operating 
condition. A no-voltage indication on the plate of V2 can 
be caused by a shorted bypass capacitor C6. If C6 is 
shorted, the entire plate supply will be dissipated across 
R4, causing it to overheat, smoke, and possibly burn out. 
Low Output. Low plate voltage, high grid bias, ora 
defective tube will produce a reduced output. The plate 
and bias voltages can be checked with a voltmeter. If C7 
is open, the output will be reduced because of cathode 
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degenerstion. Likewise, if either C2 or C5 is detuned or 
open, the cutput will be reduced. If Cl cr C3 is defective 
but stray canecitive coupling exists, low vutput may also 
be obtained. Use an incircuit cepacitance checker to 
check the capacitors. If grid return resister Rl or R3 is 


open or TIGHERSES aks value with age, itis possible for the 
ced Subd o 


outpel: 


strong signal. Use an chmmeter to check the values of Rl 
and R3 when in deubt. Since the output is on r-f signal, L4 
can be open and yet ¢ low output be cbtained through stray 
capacitive coupling. 

Distortion or Poor Selectivity. The cascode amplifier 
SUUpERE to the same causes ot Gistorticn and por 


or selec- 
\ 


llega Pail 4 esuse =elipping and distertion. Use a voltmeter 
te determine whether the proper bias and plate voitages are 
plese High resistance in the tuned circuits, caused ay 


Guse 
aclectivitys Suen joints in the antenna er transr 
line system can cause rectification of the r-i signal and 
Ouuce spurious responses OF beats whicn might pe mis- 
interpreted cs distortion. Changeing the antenna will usual- 
ly Tuuse this condition te uisappear. dhen in doubt, insert 
a sodulated signal from a signal generator tuned within the 
range of operaucn. Use an cscilloscope and r-{ prove to 
follow the signal trom input to output. Any distortion will 
be visible as a change in pattern on the scope. Any cross- 
modulation effects will be due to overloading ty strong 
lecal signal, and can be eliminctea only by attenuaung the 
Is orb | 


selectivity cefore the uuput. 


TRAVELING-WAVE TUBE AMPLIFIER. 


APPLICATION. 
The traveling-wave tube amplifier is used at super-high 
frequencies as an untuned 1-f amplifier (or mixer) in micro- 


wave receivers, os a linear amplifier in transmitters, and in 


at is ters, ond in 


istics make it par- 
in nah electronic 


test equipment. Its proad- band cher: 
culagiy useful for high- ~band televisic: 
res (ECM) an 


rounterme: 


CHARACTERISTICS. 
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Amplifies by virtue of a distributed interection between 
on electron beam and a traveling wave. 

Is a nonresonant device inherently capable of encmnous 
bandwidths. 

Usually employs magnetic focusing of the electron beam; 
nowever, electrostatic focusing is sometimes employed. 


CIRCUIT ANALYSIS. 

General. Traveling-wave tubes are used for both iarge 
and small signal applications; each tube is rated for a spe- 
ais power-handling capability over a certain frequency 

age. They supplement the presently available micrewave 
ture types, sual as pianar tniedes, ars rons, and mag- 


tdebond an- 
ndeband op 


plications hee a larqe renge of frequencies must be 
covered, Since the tube 1s completely seif-contained and 
nonresonant, it fas no bulky cavities or larje magets 10 
| Rit in 
aad outout fittings are provided, depending ai the frequen- 
cy range in use, so that only filament and collector power 
are needed in addition to the input and output leads to 
provide an operating amplifier. Aithough the traveling-wave 
tude has high gain and is easily tuned by changing the col- 
lector voltage, it possesses noise characteristics that are 
somewhat less destraple than those of some of the otner 
types cf microwave tubes. Recent improvements along this 
line have produced noise figures of 6 db at 3000 megacycles 
and 11 db at 10,000 megacycles, or better, as compared with 
30 db for the early versions. The 6-db figure is approxi- 
mately the same as that obtained with o crystal mixer. It 
is well known that crystals cre easily damaged by rf energy. 
However, the treveliny-wave tuve is not so easily damaged 
since an input over-load will merely cuuse saturation 
(instead of burnout as in the case of the crystal); hence, 
with this tube, @ simpler duplexing systes: may be used. 
Cirevit Operation. The sccompanying iigure shows the 
essential elements w/a traveling-wave tube. These ure a 
long, narrow electron beam and a circuit capable of sustain- 


ing ¢ slow electromagnetic wave with @ longitudinal com- 


ponent of electric field, which can travel along in synchrc- 
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Basic Traveling Wave Tube Elements 
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the electron beam at one-thirteenth the speed of light, and 
the electrons in the peam, passing through the center of the 
coil, will be in synchronism with this slow traveling wave 
if they are accelerated by about 1500 volts. The speed of 
the electron beam is controlled by the potential applied to 
the accelerating anode. Since the helix is connected to the 
collector at the end opposite the cathode, the helix also 
serves as an additional accelerating anode. An axial mag- 
netic tield is used to focus the electron beam, to keep the 
beam from spreading and to guide it through the center of 
the helix. 

When the electrons travel along in synchronism with the 
slow wave, there is a cumulative interaction which results 
in amplification of the traveling wave. At wavelengths of 
around 10 centimeters, the power gain may be of 1000 to 
10,090 times or even greater, in a distance of 10 inches. 
Because no resonant circuits are involved, the traveling- 
wave tube is inherently broad-band; substantial gain has 
been obtained over bands of thousands of megacycles and of 
several octaves. Waves traveling backward, against the 

* electron stream, are practically unaffected by its presence. 
To make a stable and useful amplifier, attenuation of the 
backward wave must be added in the slow-wave circuit. 
Usually, it is lumped near the center of the tube, and in- 
troduces a !oss to the backward wave which is much greater 
than the amount by which it reduces the forward gain. The 
necessity for the attenuator and its reduction of forward as 
well as backward gain is a basic limiting parameter, which 
hinders high-power tube development. 

The following figure illustrates a typical traveling-wave 
tube amplifier using a solenoid type of magnetic focus coil. 
The electronic beam is obtained from a Pierce electron qun, 
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Typical Traveling Wave Tube Amplifier 


which produces a series of essentially parallel-path elec- 
trons. The tendency of the parallel electrons to be deflected 
or to stray from the parallel path is overcome by adding a 
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solenoid on the gless enveiope of the tube whose axis is in 
the longitudinal direction. The focusing field of the solenoid 
deflects any stray electrons back into the electron stream: 

so that they must travel through the center of the helix. 

The t-f input signal is fed into the helix at the cathode 
end of the tube, while the r-f output signal is taken from the 
opposite end of the tune, near the collector (or anode). The 
accelerating anode creates the initial electric field which 
attracts the electrons from the cathode, while the collector 
(or anode) serves to collect the spent electrons after they 
have passed through the helix, and return them to the power 
source. The helix is connected to the collector internally, 
and also acts as an accelerating anode for the electron beam. 
The r-f signal is coupled to and from the helix inductively. 
There is no direct connection between the helix and the in- 
put and output circuits. The helix consists of a continuous 
spiral of wire or strap 10 to i2 inches in length, whose 
natural resonant frequency is much lower than the range of 
Operation so that it acts as a nonresonant device. The pur- 
pose of the helix is to provide a path for the input signal in 
proximity to the electron beam so that interaction can occur 
between the beam field and the signal field. When the r-f 
input signal is induced on the helix, a conductive path is 
provided by the helix from the cathode end to the collector 
end of the tube, through which the r-f signal current flows. 
Signal current flow induces a field around the helix which 
travels with the signal from input to output; thus, a travel- 
ing wave is produced along the helix. While the electron 
beam and r-{ signal both travel at the speed of light, the 
path around thehelix is longer. Therefore, the signal field 
progresses from turn to turn through the helix at a much 
slower speed than the electren, which travels through the 
center of the helix and follows the shorter direct path bet- 
ween cathode and collector. 

When the input signal field opposes the field of the elec- 
trons passing through the center of the helix the electrons 
are decelerated, and are overtaken by other electrons. Dur- 
ing the time the beam electrons are decelerated, they re- 
linquish kinetic energy to the field of the r-f signal, and tend 
to form in bunches. When the signal field increases, it 
enhances the electron field and accelerates the electrons, 
and energy is transferred from the r-f field to the electron 
field. As the signal field and electron beam progress 
through the tube, more bunching occurs. Thus, more elec- 
trons are available to give up kinetic energy while a par- 
ticular bunch is passing through a decelerating field. Since 
more time is spent by an electron in a decelerating field 
than in an accelerating field, it gives up more energy to 
the r-f field than it receives. Thus, as the signal progresses 
along the helix, it increases in stength, and is amplified. 

No energy transfer is possible until electron bunching 
commences. As bunching increases, the signal amplitude 
increases and causes even greater deceleration of the elec- 
trons (in the following bunch). This causes the signal 
strength to increase exponentially, as shown in the accompa- 
nying illustration. Eventually, a point is reached at which 
the electrons in the bunches are slowed to the extent that 
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they are no longer in synchronism with ional fi 


m with the signal field. At 


this time the forward speed of the beam electrons and that 
of the signal are no longer near the same value, and the ef- 
ficiency drops. 

Operation of the traveling-wave tube is sometimes ex- 
plained on the basis of a total of four waves existing within 
the tube, three forward waves and one backward wave. The 
three forward waves are the result of the division of the in- 
put into three components, each with an amplitude of one- 
third the input strength. The first wave (which is the one 


we have heen discussing) travels more slowly than the elec- 


they are no longer in synchront: 


nm beam, and increases in strength. Another wave also 
travels at this same speed and diminishes in strength (as 

it gives up its energy to the first wave). The third wave 
travels at the fastest speed, faster than the electrons, and 
maintains a constant strength. The resultant of these three 
waves is the constantly growing signal or output. 

The gain of the traveling-wave tube is aiso affected by 
the input and output coupling circuits. For amplifying a 
wide frequency band, high gain can be maintained by chang- 
ing the helix voltage with frequency to maintain the neces- 
sary synchronism between the helix velocity and the beam 
velocity. In addition, the maximum output power depends 
upon the input (drive) power, and the power-handling ability 
of the helix. The amount of power in the beam limits the 
Gmount that can be taken from it; thus, the beam input Powel 


the output 
by r-f currents and electron bombardment, 1 the oeam 1 dis- 
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Dispersement 


ons con he caused by 


a maladjustment of the magneuc foc hela, 
helix mounted in glass has ¢ low heat-dissipating a 
the power output at the present state of the art is limited 
vaiues less than 10G watts uniess special cooling systems 
ore employed. High-power tubes use either water or forced- 
aur cooling. 
The thermal noise of the electrons in the beam affects 

Oise figure of the traveling wave tube amplifier, just as 
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noise signal is induced onto the helix and is amplified in 
the same manner as any other signal. Lowering the operat- 


ing voltage will generally result in a slower beam velocity 
and less thermal noise. If the gain per unit length is low, 
less noise amplification will also occur; tight focusing of 
the beam will also produce less noise. [ineven cathode 


tom an caing tube, will creduce a 
from an aging tube, will produce a 


nonsymmetrical beam and noise, as will ion movement 
caused by gases within the tube. When the signal injection 
point is properly spaced from the end of the electron gun, a 
reduction in noise occurs because of certain periodic 
fluctuations in noise current within the tube. Thus, injec- 
tion of the signal at a point of low noise current results in 
uw Ypeuier siquul-iu-uuise iuiiu. 

When the long solenoid focusing coil of the traveling- 
wave tube is replaced by a series of smali coils spaced 
along the tube, as shown in the accompanying illustration, 

ess energy is required ic focus the ele ny ah 
using is achieved. The same eifect is roaeed 
by using a series of permanent magnets to produce a pe- 
nodic magnetc field. These types of tubes are called PPM 
(periodic permanent magnet) traveling-wave tubes. Better 
over-all efficiency is obtained, since the loss of beam cur- 


rent through dispersion of stray electrons is prevented. 
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When a series of opposing electrodes or plates are 
placed along the tbe inside the giass and connected to 4 


ae scurce-cs shownhin the accompanying (Mustration, cn 


electrostatic field is produced between the electrodes. This 
is similut in ull respects to the mugnetic field produced 

by the sol i 
ing in this instance, 1s done electrostaucaliy, and no change 
in oferation oceurs. Because the constry 
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The attenuator which prevents the backward wave from 
cousing oscillation and loss of amplification is provided by 
sproying a resistive film (produced by an aquadag solution) 
on thehelix and tube envelope at the proper location. Ina 
high-power tube the attenuation is concentrated near the 
center of the tube, while in a low-power tube it is usually not 
more than one-third the distance from the cathode. 

While more could be said about the vorious phases of 
design, the discussion above is sufficient to acquaint the 
reader with the primary functioning of traveling-wave tubes. 
Since the tube is a fixed package, there is nothing the elec- 
tronic technician can do to change its operation. Of 
course, faulty operation can result from incorrect connec- 
tions or operating voltage and polarities. Therefore, further 
discussion at this time isunnecessary. Additional data can 
be obtained, when desired, by reference to other texts or to 
manufacturers’ information sheets. 


FAILURE ANALYSIS. 

No Output. Lack of input signal, an open output circuit, 
or a lack of filament or plate voltage can cause loss of out- 
put. Use a voltmeter to determine whether the filament and 
plate voltage are correct. WARNING: High plote voltage 
exists between the collector and ground; be certain to ob- 
setve all safety precautions when measuring this voltage. 
Since the cathode is usually connected to one side of the 
filament, measure the filament voltage only when the plate 
voltage is off. 

The input and output circuits can be checked for con- 
tinuity with an ohmmeter, with the power off. If the extemal 
circuits appear to be satisfactory, use a signal generator 
to supply an input to determine whether there is loss of in- 
put signal. Likewise, in the output a dummy load may be 
substituted. If the input and output circuits are apparently 
satisfactory and proper electrode voltages are applied, a no- 
output condition will probably indicate a defective tube. 
When possible, substitute a tube known to be in good oper- 
ating condition. 

Low Output. Low output can be caused by improper 
plate or filament voltage, low drive, or a defective tube, 
Check the plate and filament voltages, observing all safety 
precautions. When operating normally, most traveling-wave 
the bias of V3B; in addition, an improper setting of variable 
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plied, the output should meet the design specifications, 

In transmitting applications, insufficient r-{ drive will cause 
reduced output. In the special cuse where sweep voltages 
are used to tune automatically over a band of frequencies, 
it is important that the drive waveform and sweep waveform 
be of the shapes and amplitudes specified; otherwise, re 
duced performance will occur. Low tube emission can some- 
times be found by noticing that the output fluctuates in 
amplitude and that a high noise is developed in the output. 
The beam current in this case will be reduced, and low out- 
put will occur. Unfortunately, other conditions, such as 
load reflections or ¢ change in accelerating voltage or col- 
lector voltage, will also change the beam current. Where 
solenoid focusing coils are used, lack of sufficient field 
will also cause a reduction in the beam current, and can he 
caused by a defective coil, low focusing voltage, or loss of 
power to the coil, In this case, the focus supply can be 
checked with a voltmeter and the resistance of the coil 
determined by means of an ohmmeter, with the power off, 
Comparison with a good coil will indicate whether the re- 
sistance is high, low, or normal. 

Because of the few parts involved, usually a voltage 
check, a waveform check, and a beam current check are the 
only simple checks possible. If normal results are obtained 
from these checks, substitution of the tube, the input, or 


the load will be necessary. In tubes having a low noise SQ 
fiqure, disconnecting the antenna from the input in receiving “Ly 
applications will reduce the noise, and serve as a rough pa 


indication that the tube is functioning. However, in tubes 
having high noise figures this change may be masked by the 
tube noise. Thus, a more positive check is to insert a 
signal from a known source and determine whether normal 
amplification is obtained. A change in load should also 
cause a change in beam current, as should a change in 
focusing-magnet current. 

In the case of overdrive, increased current usually oc- 
curs, followed by a reduction in output as the collector is 
heated by electron bombardment. Once saturation is reached, 
no further increase in current occurs as the drive is further 
increased; this indication can sometimes be mistaken for 
reduced output. 


TUNED INTERSTAGE (I-F) AMPLIFIER. 


APPLICATION. 

The tuned interstage (i-f) amplifier is universally 
used in supetheterodyne teceivers to supply high r-f 
amplification and the desired selectivity. 


CHARACTERISTICS. 

Uses pentode-type electron tubes to obtain high volt- 
age gain. 

Uses double-tuned tank circuits to obtain sharp 
selectivity. 

Uses radio-frequency transformers to isolate input 
and output circuits, for voltage step-up and impedance 
matching. 
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Operates Class A, self-biased to minimize distortion, 
although fixed bias can also be used if desired. 

Uses a number of similar stages connected in cascade 
to obtain greater gain and selectivity, 

Employs fixed tuning, adjustable over a narrow range, 
tor exact alignment of each stage. 


CIRCUIT ANALYSIS. 

General. The tuned i-f amplifier may consist of a 
single stage, or as many as six or more cascaded 
similar stages to obtain the desired amplification and 
selectivity. Generally speaking, one to two stages are 
used fer radio broadcast reception, while two to four 
stages are used in selective communications receivers, 


and six or more stages are used for radar, television, 


ond microwave reception, The inte re frequency 
chosen usually determines the number of stages. The 
lower frequencies, such as 50, 175, and 250 kc, 

produce more amplification and better selectivity than 

450 ke; at 21 of 44 me (as in TV applications) or at 30 or 
60 me (as in radar applications), less gain per stage is 
obtained, and the response curves are broader, so 

that more stages are needed. In addition, the band-pass 
requirement introduces another factor, since a simple 5 to 
i0-ke band pass can be obtained with a few tuned circuits, 
whereas a broad band pass of 4 to 5 megacycles with sharp 
cutoff, which is required in TV and radar receivers, 
tequires a number of stagger-tuned stages. The band pass 
is measured at lhe hail-power points of ine receiver 
response curve, that is, at 70.7 percent amplitude each 
side of the i-f center frequency. For example, if we have 
an i-f amplifier output of 100 volts at the center inter- 
mediate frequency, and it drops to 76.7 volts wnen the 


amplifier is detuned 5 kc each side of resonance, the amplifier 


band sass is 10k c, as illustrated in the accompanys 


ita} 


figure. 
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The manner in which the shape of the response curve selec- 
tivity) is changed by stagger-tuning (each tank tuned to 
separate frequencies) to achieve a broad band pass, as 
compared with synchronous tuning (each tank tuned to the 
same frequency), assuming optimum coupling between the 
i-f primary and secondary coils, is shown in the accompany- 
ing illustration. 
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Circuit Operation. The schematic of a typicai two-stage 
i-f amplifier is shown in the accompanying illustration. The 
dashed line divides the circuit into two separate stages. 
Note that in the intet-siage amplifier T2 is common to both 
stages. Thus, 12 matches and couples the output of V1 to 
the input of V2 for efficient signal tasnier. Since the stages 
we opetating Class A, nc gtid current flows anc power 
transfez is not areal concern; however, moximum voltage 
transier 1$ important. 


6-A-22B8 


ELECTRONIC CIRCUITS NAVSHIPS 


Two-Stage |-F Amplifier Schematic 


Transformer T) couples the grid of V1 to the plate of 
the preceding mixer or converter stage, while T3 usually 
supplies the i-f signal to the detector. Any change in 
impedance between the primary and secondary circuits 
can be accommodated by changing the turns ratio in the 
transformers. Normally, a l-to-1 ratio is used, and any 
difference in impedance between the plates and grids of 
the cascaded stages is usually of academic interest only, 
since the primary and secondary of each i-f transformer 
are high-Q, parallel-tuned circuits and they both present 
a high impedance to the circuits in which they are 
connected. The high impedance produced by the plate 
circuit tank causes a large voltage drop across the primary, 
and by transformer action a large voltage is induced in the 
secondary. At the same time, the secondary presents a high 
impedance to the following tube grid circuit so that maximum 
voltage is developed on the grid, and grid losses are kept 
toa minimum. Thus, it is seen that double-tuning in 
itself always provides sufficient matching for efficient 
voltage transfer, provided that the coupling between the 
primary and secondary is optimum. It is also evident that 
the largest voltage is developed across either tank at 
the frequency to which it is tuned, since it presents the 
highest impedance at resonance. While there are some 
shunting effects due to grid-to-ground and plate-to-ground 
capacitance, plus intemal leakage in the transformers, 
this is token care of in design calculations. 

Further examination of the schematic also reveals 
that the stages are simple pentode r-f voltage amplifiers. 
Self-bias for the stages is provided by cathode resistors Rl 
and R4, bypassed for rf by C3 and C8, respectively. 
Screen voltage is obtained through voltage-dropping resistors 
R2 and RS, while plate voltage is supplied through R3 and 
R6, The screen resistors are bypassed to ground for rf by 
C4 and CG, and the plate resistors are bypassed by C5 
and C12, which also form a decoupling network. 
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With no signal applied, both V1 and V2 are resting in 
their quiescent condition. Plate and screen currents flow 
steadily through cathode resistors R} and R4, and develop 
a positive bias at the cathode, which is the same as a 
negative bias on the grid. (See paragraph 2.2.1 in Section 
2 of this Handbook for a discussion of cathode bias,} 
Screen resistors R2 and RS drop the supply voltage to the 
value of screen voltage necessary to provide sufficient 
plate current swing. Likewise, plate resistors R3 and R6 
drop the plate voltage to the proper operating value. 

Since each of these resistors is bypassed to ground, any 
t-f variations of plate current (when a signal is applied) 
are eliminated so that steady plate and screen currents 
flow throughout the cycle (with or without signal), and 
cathode bias can be used. 

When an input signal is applied to T1 primary, @ high 
impedance is offered the signal at the resonant frequency 
to which Cl tunes Li. With secondary L2 tuned to the same 
frequency by C2, a high impedance appears between the 
grid of V1 andground. When the input signal causes an 
increase in current through L1, a corresponding increase 
in voltage is induced in L2 by transformer action, and the 
increased voltage appears on the V1 grid. As the grid of V1 
is made more positive on the first half-cycle of operation, 

a larger plate current flows through the primary of T2. 

With tuned circuit L3, C6 tuned to the same frequency as 
the signal, a high impedance is presented to plate current 
flow, the plate voltage is reduced toward zero, and a large 
voltage drop occurs across L.3. This voltage drop induces a 
negative-going signal in the secondary of T2 by transformer 
action, When tuned circyit L4, C7 is resonant at the sig- 
nal voltage, a large negative voltage also appears between 
the grid of V2 and ground. 

Since V1 and V2 are biased at the center of their 
grid-voltage plate-current transfer characteristic curve, 
large positive or negative swings of voltage can be 
accommodated without causing any distortion. Thus, the 
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amplified input signal from V1, which appears on the V2 
gtid, is reproduced in amplified form in the plate circuit of 
V2. The operation of tube V2 is similar to that of tube V1 
except that the signal is oppositely phased. The negative 
gtid signal from the first stage causes the plate current 

of V2 to decrease, and the plate voltage of the second stage 
mses toward the supply voltage (goes positive). At the 
same time, the primary of T3 offers a high impedance to 
current flow. The reduction in plate current flow through 
tuned primary circuit L5, C10 produces a large positive 
going voltage and induces a voltage in the secondary of 
73. When secondory circuit L6, C1l is tuned to the same 
frequency as the signal, it produces a high impedance, 

and a large output voltage 1s developed across it. 

When the input signal at the first stage goes negative, 
on the remaining half-cycle of operation, the action of V1 
and V2 is exactly the opposite of the described above. As 
the piate current of V1 is reduced by the input signal, a 
positive-going voltage is produced across the T2 primary, 
and this voltage is applied to the V2 grid. In tum, the V2 
plate current is increased, producing a negative output 
voltage across T3. Since Class A bias is employed, a sine- 


wave input produces a larger and amplified sine-wave output. 


As long as the grid signal does not drive the grid of V1 or 
V2 to the point where it draws current, and the plate voltage 
does not fall below zero and cause plate current cutoff, 

no distortion occurs. The output waveform of the amplifier 
is the same as the input waveform, but is much larger in 
amplitude. 

Since the grounded-cathode circuit inverts the input 
signal, the output of an even number of stages is of the 
same polarity as the input. Therefore, any feedback from 
output to input will produce regenerative oscillations. 
However, the very small plate-to-grid capacitance of the 
pentode reduces any such feedback to a negligible value, 
and neutralization is not required, The use of plate de- 
coupling capacitors C5 and C12 prevents feedback through 
common impedance coupling in the power supply. Thus, 

a stable, high-gain, ond highiy selective amplifier is pro- 
duced by connecting the two double-tuned stages in 
cascade. From the discussion above it is clear that the 
operation is identical to that of the single-stage pentode ri 
voltage amplifier in all respects, except for the effects of 
the double-tuned circuits in providing higher gain and 
selectivity then :s possible in a single stage. 


FAILURE ANALYSIS. 
General. The discussion 
de AEP Amplifier-and the Cs 
previously discussed in this section, are generally 
applicable to the interstage i f amplifier. 
No Output. A defective i-f transformer, an open 
bias resistor (Rl or R4), loss of screen or piate volt- 
age, or a defective tube can cause loss of output. 
Check the plate, screen, cathode, and supply voltages 
with a voltmeter. Lack of plate voltage can result from a 
defectuve power supply, an open plate resistor (R3 or 6), 
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tive transformer (T2 or T3). If the voltage is zero at the 
junction of C5 and R3, or C12 and Ré6, the cause is either 
an open plate resistor or a shorted plate bypass capacitor. 
A resistance check, using an ohmmeter (with the power 
off), will determine which is at fault, With plate voltage 
ui CS and €12, but not at ihe piate of one of the tubes, 

an i-f transformer primary is defective, or the primary and 
secondary are shorted; in either case, replacement of 

the transformer is necessary. An open plate circuit ina 
screen-grid tube can usually be determined quickly by 
noting that the screen is red, because of an overloaded 
screen, which tries to take the place of the plate. In this 
case screen resistor R2 or RS will be excessively hot; 

it may smoke, and will eventually burn out, Where 
voltage exists on the plate of one of the tubes, but not 

on the screen, bypass capacitor C4 or C9 may be shorted, 
or screen resistor R2 or R5 may be open, A resistance 
check from each screen bypass capacitor to ground (with 
the power off) will indicate zero if the capacitor 1s 
shorted, and a resistance check of the screen resistor will 
reveal the condition of the resistor. Since the screen 
voltage determines the plate current of a pentode, to a 
great extent, it is not always necessary for the screen 
voltage to be zero in order to cause loss of output. 

Since cathode resistor Rl or R4 is in series with the tube, 
if the resistor is open the circuit to ground will be incom- 
plete and the tube will not operate, Likewise, if it increases 
By ee auticienty the tube can be biosed off to pinot 
Sicha practically no output at all. 

If the tube is defective and no emission occurs, the 
cathode voltage will be zero. With C3 or C8 shorted, there 
will also be no cathode voltage, but the output will be 
distorted because of heavy plate and screen current; in 
this case the plates will get red and the tube may be 
damaged. Where the indications are otherwise normal, 
the tube should be suspected; replace the tube with one 
known to be in good cordition. In simple receivers it is 
sometimes easier to first replace the tube to determine 
whether it is at fault. However, such a procedure can cause 
additional trouble in multi-tube i-f amplifiers, particularly 
in those having a high intermediate irequency. This occurs 
because the i-f tuning is affected by the tube capacitance, 
so that replacing the tube in a different socket (or with 
another tube) throws the set out oi alignment, which can 
cause c large loss of gain; this condition can also be 

ken for no output, Wi plate, screen, and 
cathode voltages and no output, even with good thes it 


that the secondary of cutpul trans: 


open or totaily detuned. Usually such c condition will 
produce a slight cutput because of stray capacitive coupling 
between windings, but it could be mistaken for a no-output 
condition. 

Low Output. Low output can be caused by a detective 
tube, low screen or plate voltage, or too high a bias. 
First check the tube element voltages with a voltmeter. A 
low vine > on the plate or screen indicates excessive 


drain in that clroult (producing o large voltage drop 
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through the series resistor), an off-value plate or screen 
resistor, or a leaky bypass capacitor. The resistors can 
be checked by means of an ohmmeter {with the power off), 
and the capacitors with an in-circuit capacitance checker. 
Larger than normal plate and screen current will also cause 
a corresponding increase in bias voltage, since cathode 
bias is produced by the sum of ail currents flowing in the 
tube. A leaky screen or plate bypass capacitor will cause 
reduced plate or screen voltage, reduce the cathode current 
flow, and hence decrease the bias. Low tube emission is 
usually indicated by higher than normal plate and screen 
voltages, with reduced cathode bias. As the condition 
becomes worse, the output will continue to decrease 
progressively until the tube emission is insufficient to 
produce an output. When all voltages appear normal and 
the output is low, either a tube may be defective or the 
alignment my be at fault. Replace the tubes one by one, 
noting whether there is any slight increase inoutput. If 
very little or no increase in output can be obtained by tube 
teplacement, recheck the alignment. If during alignment 
one of the tuning capacitors (or tuned inductors where 
inductive tuning is used) does not seem to have any effect, 
the transformer being tuned is defective; replace it with a 
good one. 

When the set suddenly blocks on receiving a loud 
signal and becomes almost inoperative, the i-f amplifier 
is probably oscillating and developing sufficient bias to 
cause the reduction in the output signal. Sometimes blocking 
will not occur, but a strong squeal or howl will occur instead. 
In either case a plate or screen bypass capacitor may be 
open. In some instances drying out of the last electrolytic 
capacitor in the power supply will cause loss of filtering 
ability, produce hum, and through common impedance 
coupling cause a similar effect. 

Distortion. Distorted output can be caused by am 
improper bias, plate, or screen voltage. When the plate 
voltage drops below zero, plate current cutoff occurs, 
and this stoppage of plate current flow causes distortion. 
If the plate voltage is driven into plate current saturation 
no further change in plate current can occur, and a similar 
type of distortion will exist. Excessive bias will cut off 
the lower portion of the drive signal, reduce the plate current 
swing, and cause distortion. Likewise, excessive input 
(drive) voltage will cause the bias to be driven to zero 
(or above) and cause grid current flow; this will cause 
plate current saturation on one signal peak, and cutoff 
on the opposite signal peak. Both distortion and reduced 
signal output will occur. Usually, a voltage check for this 
condition will indicate improper or fluctuating voltages 
on the tube electrodes. However, it is easier to use a scope 
with on 1-f probe and observe the signal. A simulated 
(signal generator) input with modulation applied also 
provides a simple signal for observation on a scope. 
Localization of the trouble to a specific portion of the 
circuit will usually involve only those components in the 
circuit where the distortion is observed, so that further 
simple voltage or resistance checks of the parts involved 
will locate the defective part. 
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TRIODE R-F BUFFER AMPLIFIER. 


APPLICATION. 

The triode r-f buffer amplifier is employed in receivers, 
test equipment, and transmitters as an intermediate ampli- 
fier stage, between the oscillator and the output stage, to 
minimize or eliminate the effect of impedance or load 
changes in the output on the oscillator frequency. 


CHARACTERISTICS. 

Operates Class B or C in transmitter applications, and 
Class A (or AB,) in test equipment and receiver applica- 
tions. 

Gain and power output are usually low. 

Normally operates on the same frequency as the oscil- 
lator and output stage. 

Plate efficiency varies with the bias; Class A is lowest 
and Class C is highest, with Class B at some intermediate 
value. 

Requires more grid drive than a pentode buffer. 

Usually requires neutralization to prevent feedback and 
self-oscillation. 


CIRCUIT ANALYSIS. 

General. In receiver applications, the r-f buffer ampli- 
fier is generally used between the local oscillator and the 
mixer as shown in the accompanying block diagram. Thus, 
any changes in mixer operation or load, such as might be 
caused by automatic volume control, affect only the buffer 
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stage, and the oscillator frequency is not pulled or changed. 
This type of operation is used mostly for single sideband 
reception, where the oscillator frequency must be kept 
stable within a few cycles of the desired fundamente! or 
output frequency. In uensmitters, the buffer cmplifier is 
used to isolate the high-level modulated r-f output stage 


yf araltha naotiistar, 6 ars! Peni cee g ers 


from the oscillstor, to pre modulstion effects 
on the carrier and to avoid distortion. It is also used in 
low-level stages for the same purpose, and in cw operation 
it prevents sudden changes in load with keying from af- 
fecting the oscillator frequency. It is sometimes used as 
dual-purpose amplifier to supply additiona! drive power, 
plus isolation. When used cs a powe: 


he 
its isolating effect is uullified with 


ie so that sometimes more than one power buffer sta: 


eigae from fayinel any other effect an the stage preceding 
the buffer. Because test equipment and receivers require 
linear operation with minimum distortion, these buifer stages 
are always operated Class A (or AB,). Although the trans- 
mitter buffer stage could also be operated Class A, it would 
tesult in an unnecessary loss in efficiency; hence the rec- 
son for Class 5 or C operation. Because the Class 0 stage 
requires a large drive and this grid current requirement 
loads the preceding stage, Class C operation is not used 
when Class B operation will suffice. Since only ar r-f 
carrier is amplified, the tank circuit eliminates any distor- 
tion caused by single-tube Cless B operation. 
Circuit Operation. The schematic of a fyeley triode 

i-f buffer uimpliier is shown in the uecumpanyic 3 

tration. 


Cepacitive input’: 


CHANGE | 


967-000-0120 AMPLIFIERS 
tective cathode bias are employed (although either could 
be used alone), Resistor Ri provides the grid bias by 
meons of the grid current flow in V1, obtained through 


grid drive from the ascillaror input. Radio-freguency choke 
grid drive from the oscillator input. Radio-frequency choke 


RFCi keeps the input rf from being shunted to ground 
through the qrid return resistor. Protective cathode hias 


supplicd by R2. bypassed by Cl for rf. The plate tank 
is supplicd by R2, bypassed by Cl forrfi, The plate tank 


consists of Li and C2, with C2 being ao split-stator type 

of variable capacitor. Thus, with the center plate of CZ 
grounded, the tank is balanced, and opposite polarities 
exist at the ends of the tank coil, One end of the tank coil 
is coupled through Ce, to the next (output} stage, while the 
Ce, ond Cey, respectively. Both fixed grid bias and pro- 


hts = cent A bat, SE fol 
+ #nd of the coil is fed Sock through Cy to supply o neu 


tralizing connection, and the plate voltage is applied to 

the center of the coil. RFUZ keeps the rf in the tank out of 

the power supply, and C3 assures this by ‘bypassing any re- 
3 


ve power supply to yround, 


through 2 develogs: G > protective cathode bias which i is 
sufficient to prevent damage to the tube, but is not sufficient 
for normal operation. When the oscillator input signal is 
applied through Ce, to V1, grid conduction occurs during 
the positive half-cycles. Grid current flow from the 

cathode to the grid, charging the coupling capacitor. Dur- 
ing the negative alternation, the grid current is cut off by 
the negative signal and the bias voltage developed by the 
charge on the coupling capacitor discharging to ground 
through Rl. After a few alternations this signal bias de- 
velops c steady bias voltage, as explained in Section 2, 
Peragraph 2. ZS 2; at this ane bees The total tube current 

z istor R2 odds a slight 
umount to the signal bics, and the operating bias is a com- 
bination of both. Normelly, the tube operates Class B, 

and plate current is cut off during the negative half-cycle 
when opercted Class AS only v2 portion of the negative heli- 
cyele is cut-off), Thus, plate-current pulses flow only dur- 
ing the positive half-cycle, and loss of the negative half- 
cycle would normally cause distortion 
tenk circuit, consisting cf 1 and C2, acts os.¢ te- 


servoiz for zf and supplies th 


flow throu 


However, the 


the missing negative half-cycles. 


This action occurs heecuse, ance thetank circuit is ex- 
sited), oscillations de not immediately cease unless there 


1° negative h 
Tie Siegletube, © class 2 operation is pos 
an rf amplifier becouse of the tuned tonk circuit, I 


ry, oné operated by 
by the negative nolf- 
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With the output tank tuned to the same frequency as 
the input (drive) signal, positive feedback can occur 
through the large grid-to-plate capacitance of the triode. 
Although the polarities of thegrid and plate are opposite 
in the common or grounded-cathode circuit, the capacitive 
feedback voltage leads the predominantly inductive (high- 
Q) tank voltage, andis, therefore, of the proper phase to 
combine regeneratively with the input signal, Hence, 
neutralization is necessary to prevent self-oscillation. 
Neutralization is accomplished by feeding back an equal 
but oppositely polarized voltage through Cn from the other 
side of thetank. Since at any instant the opposite ends 
of any tank coil are of opposite polarity, taking the feedback 
voltage off the end of the coil opposite the plate always 
provides the correct polarity for neutralization. The use of 
a center-tapped coil with a split-stator tuning capacitor 
insures a completely balanced tank. Thus, it is only neces- 
saty to adjust Cn to approximately the same value as the 
gtid-to-plate capacitance to obtain neutralization. 

The manner in which the neutralizing circuit forms a 
reactive bridge with equal arms is shown in part A of the 
following simplified schematic. This plate-to-grid feed- 
back system is known as the Hazeltine or neutrodyne type 
of neutralizing circuit. A similar form of feedback from 
grid to plate is known as the Riee system, and is shown in 
part B of the schematic. While other forms of neutralization 
are also used, these two types are the most popular and 
commonly used circuits. In part A of the illustration, Zq is 
the input impedance, and coils Lp and Ln together form tank 
coil Ll in the plate circuit. The voltage actoss Cn is 
equal, and opposite in polarity, to that actoss Cgp; thus, 


A 


HAZELTINE 
CIRCUIT 


RICE g 
CIRCUIT 


Typical Neutralizing Circuits 


there isno flow of current from output to input, and complete 
neutralization results. In part B of the figure, the oppos- 
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ing voltages ae developed in the grid tank across Lg and 
Ln; otherwise, the operation is the same. 

Although the triode buffer described above uses capaci- 
tive input andoutput coupling, inductive coupling can be 
used instead. In this case the grid circuit usually contains 
a tank, with a coupling coil, and the plate likewise. The 
Operation is the same except for the inductive input and 
output coupling, which merely transfers the signal into the 
input tank and out of the output tonk. Push-pull stages 
may also be used as buffer amplifiers, in which case neu- 
tralization is easily accomplished by using cross-connected 
grids and plates, since they are oppositely phased and po- 
larized. 

The basic triode r-f buffer amplifier originally consisted 
primarily of a low-gain voltage amplifier which did not draw 
gtid current and was lightly loaded, since it only supplied 
the grid current (drive power) necessary for the fina! output 
stage. Therefore, it offered no load to the self-excited 
oscillator, andallowed it to operate at maximum stability. 
At the same time, the tube was chosen with a power rating 
which was more than sufficient to supply the grid power 
needed by thefinal amplifier. Thus, the buffer stage effec- 
tively isolated the oscillator from the output stage, so that 
it was affected very little by any modulation peaks, or on- 
off keying of the output stage. For satisfactory performance 
Class A operation of the buffer was required, and low ef- 
ficiency was obtained. In later years oscillators of better 
stability were produced, and Class B operation permitted 
a more efficient output with slight oscillator loading. Thus, 
as the state of the art advanced and electron tubes and parts 
improved; it was found that even Class C operation could 
be used. Hence, the buffer amplifier is now generally 
considered to be any amplifier used between the oscillotor 
and output stages and operating on the fundamental fre- 
quency. By using Class AB, operation, high efficiency 
with no grid current flow can now be obtained. However, 
the high gain of the pentode has virtually made the triode 
buffer obsolete except for special applications. 

When operated Class A, the operation is the same as 
that described previously except that it is not necessary 
for the tuned tank to supply thenegative portion of the 
waveform. 


FA{LURE ANALYSIS. 

No Output. Lack of an input signal, loss of plate volt- 
age, a defective tube, or a detuned output tank will cause 
loss of output. The supply voltage should be checked with 
a voltmeter to determine whether the proper voltage is 
available. The grid drive may be checked by reading the 
grid voltage developed across Rl (in stages where grid 
current is drawn). Usually, transmitters are equipped with 
a milliammeter to read grid and plate current for tuning in- 
dications. Plate current indications will usually pinpoint 
the trouble to a particulat location. For example, no plate 
current indicates an open plate or cathode circuit, a de- 
fective tube, or lack of plate voltage. In this case, it is a 
simple matter to turn off the plate power, discharge the 
filter with a shorting stick, and then make a resistance 


6-A-226G 


< 


3 


Sf 


ELECTRONIC CIRCUITS NAVSHIPS 
check of cathode resistor Rl, and a continuity check of Ll 
and RFC2. If plate current is present, tune C2 for minimum 
dip in plate current. With sufficient drive, there should be 
a large current off resonance and a small current at reson- 
ance. Ii the drive is tacking, the ratio between the non- 
resonant and resonant condition will be smali. If the ratio 
is large and the resonant current is lower than normal, there 
is no load or only a light load on the output, and Ce, is 
probable open. In this instance, an r-f indicator will show 
tf on the plate side of the capacitor, but not on the output 
side; use a small coil connected dizectly to the vertical 
plates of an oscilloscope (not through tne scope amplifier) 
to couple to the platetsnk ancindicate ri, 
tive will sl de u iuiye © 
cannot be dipped to a normal low value. 
be only that provided by R2. If C3 is sh 
supply plate fuse or circuit breaker will open, no plate 
voltage will be applied, and loss of output will occur. 
Where the piate voitage is normai and the arid drive is sui- 
ficient, but the plate current is low (or slowly decreases 

as the stage operates), the emission of the tube is prebably 
low. Replace the tube with one known to be good, when 
possible. 

Low Output. Low plate voltage, low grid drive, im- 
proper bias, or a defective tube can cause low output. The 
plate supply voltage and grid bias across Rl and R2 can be 
checked with a voltmeter. It is important to not the dif- 
ference between receiving and transmitting r-f amplifier 


grid or plate is usually so smali that it will not damage the 
meter; however, in the transmitter stege, large r-t circulating 
currents ore produced in the grid and picte circuits whicn 
can damage the meter when ¢-c measurements are made to 
ground. Therefore, it is necessary to use a radio-frequency 
choke in series with the voltmeter, or use a probe which 


is adequately fi 


ltered tor rf. A yacuum-tube voltmeter may 


be used on receiving equipment, but it is usually unable to 
withstand the high voltage present in trmsmitters. As ¢ 
general rule, theretore, ail d-c voitage measurements are 
made in pertions of the circuit which are ‘‘cold”’ to rf (ac 
rf exists), and other indications, such as plate current, are 


used insteud. (In special instances, ri volumeiers can be 
we 
With proper plate voltage and bias, low output will be 


the r-i grid ck 


the ptoper 


at ‘avit tis the suspecteu Lube witn one Known to oe 


ingoad Sporeting condition, if pee 


Tf cathode capacitor C 3 
occurring at fadiosrequency’ rates will momentariiy develop 
high cathode bias voltages, produce degeneration, and cause 
teduced output. ‘l‘emporarily grounding tne cathode in 

this case will restore operation and the output to normal, 

and prove that Ci is defective. Do not ounci 


culhode uinhess grid 
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operate at zero bias, wil! be overloaded, and will be damaged 
if current is allowed to flow for a prolonged period of time. 
Sometimes low output will be obtained because of parasitic 
oscillation at a very low irequency. This occurs when a 
feedback loop occurs through the neutralizing circuit and an 
ussuciated i-f choke und bypass ort capacitors), 
The symptoms are high plate current will tow r-f output at 
the desired frequency and larger than norma! grid current. 
Once started, these oscillations will usually continue when 
the normal grid excitation is removed. If the circuit operates 
and tunes normally with reduced picte voltage and at a re- 
duced output, but will not do se when full plate voltage is 
applied, parasitics cre probably the cause. Usually, this 
not occur in Navy equipment when initialiy received, 
but can sometimes be caused by a change in components 
with age, by o part failure, or by improper bias, or change of 
lead dress during 2 repair. 


cy 


improper Neutralization, Whicti u stuyge is incomple 
i adjusted, operation will become orra 
The tube may operate normally and then suddenly start 
oscillating when shocked by a transient culse. To determine 
whether the stage is properly neutralized, remove the plate 
voltage and tune the plate capacitor through resonance while 
observing the grid meter indications. A steady, unchanged 
meter reading indicates complete neurtalization; a slight 
change or sharp flick of grid current as resonance is passed 
indicates that neutralization is incomplete. Adjust the 
neutralizing capacitor while tuning the plate through reson- 
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PENTODE R-F BUFFER AMPLIFIER. 


APPLICATION. 

The pentode r-f buffer amplifier is universally used in 
Teceivers, test equipment, and transmitters as an isolation 
Stage. It is generally used between an oscillator and an 
output stage to prevent modulation cr load changes from af- 


fecting the oscillator fraquenc 
fecting the oscillator frequency, 


CHARACTERISTICS. 
‘Usually cperated Class A co! 

Pee B or C operation is sometimes employed, 

s relatively high voitage and power udins 


more outpat 


r AB, celf-bia: 


molifior 


fer ampiitics, 


1 a triode 


jot nNormauiily requite Neutralization. 
on same frequency as input and output stages, 
lating effect than a triode, 


CIRCUIT ANALYSIS. 

General. The pentode r-t buffer ampiitier 1s an effec- 
tive tion amplifier because of the low grid voltage 
drive required for full output, which places very little load- 


ing on the oscillator for input) stage. Thus, the oscillator 
ng on the oscillet stage: Thus; Hater 


can be des: med for maximum stability ness a light or fats 
ing loed. In add 
ing 


scteen ond 


Tessar ok 


6-A-22HH 


ELECTRONIC CiRCUITS NAVSHIPS 
gtid-to-plate capacitance to such a small value that feed- 
back is practically eliminated. Therefore, no neutralizing 
circuits are needed, so that fewer parts are required and the 
neutralizing adjustment is elitninated. Finely, the hig 
plification factor of the pentode produces a large output volt- 
age under the control of only a small grid voltage. Since the 
screen prevents plate current variations from affecting the 
grid or input circuit to any marked extent, a much larger 
power can be developed in the pentode plate circuit than in 
a triode operating at the same plate voltage. Because of the 
small drive required, the pentode r-f buffer amplifier may 
also be used to drive another pentode (or tetrade) output 
tube without losing its ability to act as an isolation stage. 
The resultant transmitter output, then, is equivalent to that 
developed by two or three triodes operating at higher plate 
voltage and currents. 

Circuit Operation. The accompanying illustration is ¢ 
schematic of a typical pentode r-f buffer amplifier. 


+ Enn 


Typical Pentode R-F Buffer Amplifier 


Got Vl is capacitively coupied through Ce te 
oscillator. Resistor 1] 1s the grid return resistor, ocro: 
which the input voltage appears. Cethode bics is supplied 
by R2, which is bypassed for rf by Cl. Screen voltage is 
obtained through dropping resistor R3, which is bypassed to 
ground for rf by C2. The plate voltage is series-fed through 
LI to the plate of V1, and is tuned to resonance by C3. L2 
is the output coil, which is inductively coupled to L1 (Lt 
and L2 form r-f transformer Tl). The radio-frequency choke 
(RFC) prevents any rf from entering the supply and is by- 
passed to ground for rf byC4, 

When the oscillater operates, a signal which is approx- 
imately a sine wave is developed in its plate circuit, and is 
applied through Ce to the Vl arid. The low reactance ot 
Cc ensures that a minimum voltage drop (and very little loss 
of signal) occurs across the coupling capacitor. Grid re- 
sistor Rl provides a high impedance across which the os- 
cillator signal is developed. Since the grid does not net- 
mally draw any grid current, no current flows through R] at 
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cny time (unless Ciass 8 ot C operation is employed). Ca- 
thode resistor R2 provides bias voltage which is deveicped 
across it by space charge current flow, that is, the sum of 
both the screen and plate currents. When plate and screen 
voltaye is te V1, current flows from qrourd through 
R2, producing a positive cathode bias which is equivalent 
to a negative bias voltage applied to the grid, Since R2 is 
bypassed by C] for rf, no change occurs in bias when an in- 
put signal appears across V] (between grid and ground). 
Any r-f current vorictions are bypassed around R2 by C1; 
hence, the bias is affected only by a steady change in plate 
ct screen current, and not by instantaneous r-f variations. 
Thus, as the load changes the bias will also change accor- 
dingly. It is important that the load be held constant to 
produce the desired operating bias. When operated Class A 
(in receivers and test equipment), the operation is over the 
Linear portion of the Ea-[e curve. in Cl A operetion a 
slightly kigher pic used. (See Section 2, porazraph 
2.2.1, of this Hondbcox for a di sion of cathode bigs, 
ana peraarcph 2.3 for o cumplete discussior cf classes of 
emplifier cperation. } 

As the oscillator signal is applied to the grid cf V1, as- 
suming 4 sinusoidal input signal, the positive half-cycle of 
operation causes the plate current to increase, and the ne- 
getive naii-eye uses the plate current to decrease, The 
plate current g is determined by the screen veltage ap- 
pearing on the screen of V1, which is cortrotled by the 
value of R3. The screen resistor is chosen so that with the 
proper plete voltage applied, and with no signal, the Vt 
screen and plate current [lowing through cathode bias re- 
sistor R2 provides the nors:al bias. During operation, the 
screen current flows steacily, preducing a voltage drop 
across F3 of sulficient value te drop the plate suppiy velt- 
age to the desired screen voltage value. Any electrons 
striking the screen are bypassed to ground through capacitor 
C2. Likewise, any chenge in plate current will not effect 
the screen voltage, since R3 is always kept at ground poten- 
tial for r-f variations; hence, only d-c current flow deter- 
mines the screen voltage, and this does not vary with the 
signal. Since the screen is closer to the grid than to the 
plate, it exerts a strong contro! over the plate current; also, 
since it is qroundee for rf through CZ, no feedback can exist 
between the crid ond the piate (it acts aso shield). Thus any 
possibility of feedback and self-oscillation is eliminated, 
and neutralization is unnecessary. Tank circuit Ll, C3 is 
connected in series with the plate of V1, and when tuned to 
tesonance offers a high impedance. Thus, as the input volt- 
age swings positive, the plate current of V] increases, and 
in flowing tarough L1 induces a voltage in secondary L2 by 
transformer action. Meanwhile, the high impedance of the 
tank produces c large plate voltage drop and the actual 
plate voltage falls toward zero. The design is such that the 
plate voltage is not allowed to drop below the actual screen 
voltage. (Ctherwise, the screen of V1 would tend to act as 
c plate; it would be overloaded cnd cause distortion.) 

As the oscillator signal changes its cycle and swiags 
negative, the V1 plate current is reduced, and the reduced 
velue of current thrcugt L1 induces an oppositely polarized 
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output voltage in L2 by transformer action (the current now 
flows in the opposite direction). At the same time, the 
plate voltage rises toward the supply voltage. The actual 
plate voltage is clmost equal to the supply voltage at 

the negative peck of the input cycle. The gounded-cathode 
circuit produces a polarity (or phuse) inversion, When the 
input signal goes negative, the plate output signal is posi- 
tive and of opposite phase or polarity; conversely, when the 
input signal goes positive, the plate output signa] is nega- 
tive. The output voltage induced into secondary coil L2 is 
polarized similarly when it is connected in-phase. If con- 
nected out-of-phase, the output signal polarity is the same 
as that of the input signal. 


Cupucitor C4 keeps the lower end of tank C3, L 4 
ground potential, and the RFC ensures that any residual rf 
is offered c high impedance, sc that it flows to ground 
through C3 rather than attempting to flow through the low im- 
pedance offered by the output filter capacitor of the piate 
supply. 

If tank circuit L1, C3 is not tuned to the oscillator or in- 
put frequency, a very small impedance is offered in the plate 
circuit and little or no output voltage is developed. The un- 
loaded Q of the tank circuit is made high, so that the loaded 
Q (at tesonance } provides sufficient selectivity to pass 
only a narrow band of frequencies between the half-power 
points, and the tank is able to discriminate between wanted 
and unwanted signals. While in Class A operation plate 
current flows at all times during the cycle, i in Class AB or 
signal is missing (it is beyond 
off}. During this ‘per iod, ref energy is supplied from the tonk 
circuit so that the operation is the same as if plate current 
flowed constantly without any interruption of output, and no 
distortion is developed. The plate tank is reinforced during 
each positive half-cycle with sufficient rf to overcome any 
tank losses, so that the tank is never depleted. 

Grounding the suppressor grid provides a shielding ac- 
tion between the screen and plate, and thus prevents second- 
ary emission from the plate. Therefore, coupling between 
the plate and grid is only through the electron stream, and 
is at a minim In those tubes with suppressors internally 
connected to the cathode, the operation ns Wenbonl except 
there is siighly more coupling between the grid and plate 
through the electron stream. 

Although the input is shown capacitively coupied, 1t is 


ely COudied, i 


is used in the grid circuit in piace of tesistor Ki. The oper 


the same except for the development ot a Sion 


cause the input ¥ 


when C Class B or © operation is empi 
t le better gr 
tent tends to shunt the input ai 
pedance, 

As is evident from the discussion above, the bulle: um- 
plifier operates in practically the same manner as the pen- 
tode r-f voltage amplifier previously discussed as a sepe- 


rate cucuit. The only actual di 
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considetations, which are based upon light grid and plate 
loading to provide moximum isolation rother than output 
voltage or power. 


FAILURE ANALYSIS. 


tode R-F Voltage Amplifier, previously discussed in this 
section of the Handbook, is generally applicable, and is par- 
ticularly slanted toward receiving applications, 

No Output. Loss of plate, screen, or filament voltage, a 
defective tube, defective coupling capacitor Ce, open output 
coil L2, or shorted grid return resistor Ri can cause no out- 
put. Check the tube voltages and supply voltage with a volt- 
meter. WARNING: Voltages dungervus iv life usually caisi 
in the plate and screen circuits; be certain to observe all 
safety precautions when checking these voltages. An open 
filament can sometimes be observed by noting that the tube 
a5 not plate, 
substitute a tube 
known to be good, if possible. If there is still no output, 
coupling capacitor Ce is probably open; check for proper 
Capacitance with an in-circuit capacitance checker. Using 
a vtvm or voltmeter with an r-f probe (or an oscilloscope), 
check for voltage between the input and ground. If there is 
¢ voltage indication on one side of the coupling capacitor 
but not on the grid of VJ, the capacitor is open or R] is 
Shorted. (lf Ce were shorted, a high positive voltage would 
appear on the grid from the oscillator plate and cause high 
cathode bias voltage.) An open screen resistor (R3) will be 
ck of screen voltage, although a shorted 
scfeen capacitor (C2) will give a similar indication. In the 
latter case, however, 53 wili heat abnormally and drop the 
Screen voltage to zeto. This short-circuit condition may be 
observed visually by smoke from, or discoloration of, the re- 
sistor. If the short is prolonged, the resistor will burn out. 
An open or shorted cathode bypass capaciter (Ci) will not 
necessarily produce a ao-output condition; however, if cath- 
ode resistor R2 is open, no output will be obtained. 

If there {s no plate voltage, coil Ll or the RFC may be 
cpen (be certain to check the supply veltage to ascertain 
that the power supply is not detective}, If plate bypass ca- 
s shorted the plate supply will he dropped 


inated and feels celd to ihe 


screen, ond filament voltages are norn 


Scret na filam oltages: ate 


liuneter is provided 
current (or can be connected in 
Series between the slate supply and the RFC.} Ne plate cur- 
tent indicates loss of supply voltage ot an open circuit 
feither in the meter or in the plate circuit) 


It na dip in pinte 


current can be obtained os C3 is tuned hk resonance, 
either C3 1s shorted, there is no drive, or LZ is partially 
shorted. If the plote current is low end C3 can be dipper 
properly, hut no output exists, output coil L2 is open, 


ifficient screen 


Redvced Cuipst. Exc 
or plate voltage, lack of drive, or c defective tube can cause 
reduced output. Check the bids, plate, screen, and suppiy 
voltages with c voltmeter. Low screen voltage will cause 
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insufficient plate and screen current, and will result in low 
bias and reduced output. Low plate voltage with normal 
screen voltage will cause the screen to act as a partial 
plate; the screen may run hot, depending on the value of 
plate voltage. This can result from a high resistance in the 
plete circuit caused by a poorly soldered connection, or 
from a defective tube. If the tube is suspected, replace it 
with one known to be in good operating condition, when 
possible, 

If C3 cannot tune Li to resonance atthe output fre- 
quency, a reduced-output condition will be obtained. This 
can result from a lack of sufficient inductance in L], caused 
by a shorted turn, or by a short or open in C3 itself. A 
check with a grid-dip oscillator, or a wavemeter, will reveal 
whether the tank circuit is resonant at the wrong frequency. 
In either case, part substitutions will probably be required, 
since C3 cannot be checked for continuity or for capaci- 
tance with the in-circuit capacitance checker without dis- 
connecting one end of the coil (the low coil resistance ef- 
fectively shorts the capacitor). 

A leaky or shorted input capacitor (Cc) will place a posi- 
tive bias on the grid and cause larger than normal plate cur- 
tent to be drawn; at the same time the cathode bias will be 
increased, so that the effective plate voltage will be re- 
duced. Depending upon the amount of leakage voltage ap- 
plied to the V] gtid, the output will be reduced, and, be- 
cause the operation is atthe bottom of the transfer charac- 
teristic curve, the positive signal peaks will Leclipped by 
plate current saturation, causing some distortion in the out- 
put. If Rl opens or becomes too high in value with age, 
coupling capacitor Ce will charge through V1 when the grid 
is positive with respect to the cathode, but cannot discharge 
except through existing leckage paths; therefore, the capaci- 
tor will tend to aecumulate a negative charge and block Vi 
from operating. Actually, when Cc is charged, no further 
grid current flows. When the input signal becomes negative- 
going, Ce discharges through the high shunt leakage paths 
in the tube and grid circuit, producing a negative bias, 
Since the capacitor cannot completely discharge before the 
next conduction period, it eventually accumulates sufficient 
charge to hold the grid at cutoff. 

If screen capacitor C2 opens, the screen voltage will 
vary with the signal, and cause a reduction in the output. 

It is also possible for self-oscillation to occur. 

Distortion and Other Effects. The buffer amplifier is 
subject to all forms of distortion common to other r-f am- 
plifiers, except that buffer operation usually implies the om- 
plification of only a single radio frequency, Since tuned 
tank circuits are used, any tendency toward distortion is 
usually swamped out by the tank. The tuned tank also 
minimizes any distortion caused by multiples of the orig- 
inal frequency, or harmonics. Although harmonics exist, 
they are not selected by the tuned circuit and are greatly 
attenuated in the output. Clipping and bottoming can cause 
a tendency toward peak flattening, but the tank circuit tends 
to supply the energy during the cutoff periods. Thus, the 
usual effect is to produce a reduction in amplitude and to 
retain the sinusoidal waveform. When the buffer also acts 
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as a power amplifier, this reduction in distortion may not be 
obtained to as large an extent. Normally, no neutralization 
is required; however, it is possible to change the lead dress 
during repair and cause external feedback because of in- 
ductive or capacitive coupling between the relocated leads. 
Do not change the lead dress of r-f amplifiers unless abso- 
lutely necessary. 


FREQUENCY MULTIPLIER (RF). 


APPLICATION. 

The frequency multiplier stage is used to provide an out- 
put frequency which is some integral multiple of a funda- 
mental crystal-controlled, or self-excited oscillator fre- 
quency. It is universally used in receivers, test equipment, 
ond transmitters. 


CHARACTERISTICS. 

Uses Class C operation at all times. 

May be self-biased, fixed biased, or a combination of 

Output frequency is always some multiple of the funda- 
mental. 

Normally doubles or triples, but can opetate up to about 
the seventh harmonic, 

Efficiency varies inversely with frequency. 

Maximum usable efficiently is on the order of 70 percent, 
and lowest efficiency is about 45 percent. 

Grid bias is higher than in the normal Class C amplifier. 

Requires more grid drive than would be necessary for 
operation at the fundamental frequency. 

Does not require neutralization. 


CIRCUIT ANALYSIS. 

General. Although either triode or pentode tubes may be 
used as frequency multipliers, the pentode is more commonly 
used because of the reduced grid drive required for pentode 
operation, plus the larger power output obtainable for the 
same plate voltage. Since grid current flows in Class C 
operation, the multiplier stage requires a slight amount of 
power from the oscillator to drive it. The reduced drive of 
the pentode, therefore, allows the oscillator to operate more 
Stobly, and permits a lower-rated oscillator tube to be used. 
Normally, a Class C amplifier is biased at 2 to 2-4 times 
cutoff. The frequency multiplier is essentially a Class C 
stage which utilizes its rich harmonic content, or, rather, is 
operated so as to develop a greater harmonic content than 
normal, Selection of the desired harmonic by a tuned output 
circuit produces a relatively large output at that harmonic. 
To produce the distorted plate current with its rich harmonic 
content, the stage must be biased higher than for normal 
Class C operation, and must be driven harder than normal. 
Thus, plate current flows only during a small fraction of the 
cycle, roughly from 60 to 120 electrical degrees (depending 
upon the amount of harmonic multiplication desired), 
Therefore, the normal grid bias for a multiplier is usually 3 
to 4 times cutoff. Because the plate output tank is tuned to 


6-A-22KK 


a 


vb? 


ELECTRONIC CIRCUITS NAYSHIPS 


a different frequency from that of the input (drive) signal, no 
plate-to-grid feedback occurs. Therefore, neutralization is 
never required, regardless of whether triodes or pentodes are 
used. 

A harmonic generator consists merely of a number of 
frequency-muitipier stages connected in cascade. They are 
used in receivers, being driven by a stable local oscil- 
lator which operates at a low fundamental frequency and is 
multiplied through several stages to supply an oscillator 


signal toa VHF or UHF mixer. Likewise, in test equipment, 


a suitable oscillator has its output frequency multiplied for 
use as a signal generator or frequency standard, or for other 
purposes. Ina transmitter, the multiplier stage (or stages) 


alows the use of < 


ngle crystal tc provide drive for r-f 
amplifiers operating on harmonically related output fre- 
quencies, or it may be used to supply a crystal-controlled 
output at higher frequencies, where crystal operation at the 
output trequency 1s not teasible. 

The power output of the multiplier stage varies roughly 
as the reciprocal of the number of multiplications. Thus, a 
frequency doubler produces about one-half the output power 
of a conventional Class C ref amplifier stage, and a fre- 
quency tripler produces about one-third the power; hence, 
the necessity tor cascaded operation at the higher multiples. 
For example, two doubler stages operated in cascade will 
deliver twice the power of a single quadrupler stage, 

The loaded tank circuit impedance increases roughly in 


proportion to the number of harmonic multiplications required, 


since the output power decreases and a great! 
4s necessary to provide the same voltage drop across the 
tank. This places a practical limit on the number of multi- 
plications possible in a single stage. 

Clreuit Operation. The accompanying figure illustrates 
a typical pentode frequency multiplier stage. Schematically, 
the stage appears identical with that of the conventional 
Pentode R-F Voltage Amplifier or the Pentode R-F Buffer 
Amplifier previously discussed. However, there are differ- 
ences in parts values to provide the correct bias and oper- 
ation, and the plate tank resonates at a multiple of the fun- 
damental frequency. Detailed differences in operation are 
discussed below. 

The oscillator output is capacitively coupied through 
Ce to the grid of Vi. Grid bias is obtained through grid cur- 


tent tlow in Ri, and protective cathode bias is supplied by 
re 


atopped to the proper value by screen resistor R3, bypassed 
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Typical Frequency Multiplier Circuit 


for rf by C2. Variable capacitor C3 and inductance L1 form 
the output tank circuit, which is inductively coupled to out- 
put coil L2. While series plate feed is employed, one end 
of the tank is bypassed to ground by C4, and the radio~ 
frequency choke (RFC) insures that any residual rf remain- 
ing tlows to around by way of C4 rather than through the low 
impedance of the power-supply filter. 

With no signal applied no grid bias is developed, and the 
plate and screen current flow through cathode resistor 2 
provides sufficient cathode bias to limit the static current 
tlow toa safe value. When the oscillator signal is applied, 
the low reactance of coupling capacitor Ce allows practi- 
cally all of the input to appear across R1 and the V1 grid. 
On the positive half-cycle of the input signal the plate 
current increases, and on the negative half-cycle it 
decreases. During the positive half-cycle Ce charges, and 
during the negative half-cycle it discharges from the capac- 
itor to ground, a negative bias is developed across R}; this 
gtid bias voltage and the cathode voltage stored in C] pro- 
duce a high bias many times the cutoff value, (See Section 
2, paragraphs 2. 24 land 2.2.2. of this Handbook, for a fur- 
ther discussion of cathode and gtid-drive, or signal bias.} 

Because of the extremely high bias, the plate current 
conduction period is reduced to a small fraction of the 
total cycle. Actually, it is less than a half-cycle and varies 
with the amount of multiplication desired. For a frequency 
doubler it is about 120 electrical degrees, and for a quin- 
tupler it is about 60 degrees. The short time during which 
piate current flows produces a very distorted plate pulse 
his sich in kh s. When plate tank C3, LI is tuned 
to the desired output ireqienct: it offers a high impedance 
at the frequency, so that a large dron in nlate voltage occurs 
across the tank. With an increasing plate current, caused 
by the positive input signal, the picte voltage is dropped 

vard ced by the neqative portion 
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of the input signal, the plate voltage increases to almost 
the full value of the supply voltage. A decreasing plate 
voltage induces a negative output signal in L2 by trans- 
former action, since it is coupled to tank coil L1, while an 
increasing plate voltage induces a positive output signal 
in L2. 

The instantaneous current and voltage relationships in a 
trequency doubler are graphically illustrated in the ac- 
companying illustration, 


ieneeee 
y90" 180° 360" 450%, 540° 


360° 
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Plate Current and Grid Voltage Relationships 


As can be seen from the figure, the plate current flow time 
is longer than the grid current flow time, but both maximums 
occur together. Thus, as instantaneous grid voltage ec 
starts its positive excursion, no plate current or grid cur- 
tent flows until the grid voltage reaches cutoff. At this 
time plate current starts to flow. Slightly later, at zero bias, 
gtid current flows also. The grid current flow is supplied 
trom the oscillator or drive source. The increasing plate 
Current (obtained from the power supply) causes a voltage 
drop across the plate tank impedance (tuned, for example, 
to twice the frequency of the oscillator). When the plate 
current is at its maximum, the plate voltage is at its mini- 
mum, At this time some plate power is absorbed by the 
tuned tank circuit, As the drive signal reverses and causes 
the instantaneous grid voltage to fall toward zero, the plate 
current decreases and the plate voltage increases. The 
grid signal continues to swing in the negative direction 
while the plate voitage rises (in a positive direction). At 
the static d-c level of plate voltage (Eb), the grid drive is 
approximately equal to the d-c bias (zero bias), and as the 
grid voitage increases toward cutoff, ep continues to rise. 
At cutoff, the tank circuit supplies power, and ep rises, 
even though the plate current ceases. This is the so called 
“tlywheel’’ action of the tank circuit, which continues 
operation during the time the tube is inactive beyond cutoff, 
When the instantaneous negative grid voltage reaches the 
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d-c bias level (Ec), plate voltage ep reaches its positive 
peak and is approximately equal to Eo, the output voltage. 

As the instantaneous grid signal continues to decrease 
beyond the dec bias level, the plate voltage now falls and 
becomes negative-going, since the tank is operating at 
twice the grid frequency, and the input signal, being highly 
negative, has no effect on the plate current. At the nega~ 
tive peak of drive voltage Eg, plate voltage ep completes 
its second negative excursion and starts its second posi- 
tive excursion. The drive voltage also swings positive 
again and now starts back toward cutoff and zero bias. When 
the drive is again equa! to the d-c grid voltage, the second 
positive peak excursion is reached and the plate voltage 
starts dropping. As the grid voltage passes cutoff, plate 
current is again drawn and the plate voltage continues to 
drop until it reaches the third minimum, when the plate and 
gtid currents are again at a maximum. Once again the plate 
power is absorbed by the tank to overcome the losses in the 
tank and to recover the energy supplied to the circuit dur- 
ing the inactive period. 

With the tank replenished; it is again ready to supply the 
tlywheel effect of the next cycle of operation. Note that 
always during the short pulses of plate current flow, the 
tank is absorbing power from the plate circuit. While on the 
negative grid swing (where the tube plate current is nor- 
mally cut off and no output should occur), the tank circuit 
continues to oscillate and thus supplies the missing portion 
ot the signal, Since the tank oscillations are twice that of 
the tundamental oscillator frequency, two peaks occur for 
every fundamental peak (in the tripler three peaks occur), 
The greater the number of oscillations required between the 
petiods of pulses of plate current, the more the energy re- 
quired from the tank to sustain these oscillations. Hence, 
the efficiency and output drop off as the multiplication of 
trequency is increased. In addition, the flywheel action of 
the tank maintains an approximately sinusoidal waveform in 
the output, while the tundamental plate current pulses are 
greatly distorted. When the grid bias and drive voltage am- 
plitudes, as well as plate voltage, are adjusted for maximum 
output at a particular trequency, a slightly distorted output 
may be obtained; however, this can usually be compensated 
tor by a slight adjustment of the tank tuning capacitor. 

While push-pull operation can be used to supply more 
power output, more drive is required and only the odd 
harmonics are multiplied, since the even harmonics cancel 
out in the plate circuit. Therefore, push-push operation is 
employed, as explained in the next circuit discussion. 


FAILURE ANALYSIS. 

General. The discussion of failure analysis for the Pen- 
tode R-F Voltage Amplifier, and for the Pentode R-F Buffer 
Amplitier, discussed previously in this section of the Hand- 
book, are generally applicable to the frequency multiplier. 

No Output. Lack of grid drive, plate, screen, or supply 
voltage, or a defective tank, output coil, or tube can cause 
loss of output. Check with a voltmeter to make sure that 
the supply voltage is normal. If the cathode voltage is also 
normal, the proper plate and screen currents probably exist, 
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so that either the plate tank 1s detuned or insufficient drive 
is indicated. Connecting a milliar 
and ground will indicate ¢! 
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condition can aise cccur if plate capacitor C4 1s leaky. A 
ce in the tank can be caused by « poorly 
This will usually «a3 a brocd dip in giate 
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PUSH-PUSH FREQUENCY MULTIPLIER (RF). 


APPLICATION. 
The t-f push-push frequency multiplier 1s used as a ire- 
quency doublets in Tonsmutters and test equipments that re- 
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single-stage doublers, which require slightly less than half 
the drive power. Thus, push-push operation is more limited 
in its application than the basic single-stage multiplier. It 
is mainly used where a large doubler output is required, 
since it will produce this output without any loss because 
of multiplication. This is true because a plate current 
pulse is provided for each positive half-cycie of the input 
signal, or one for each output cycle. Thus, the tonk cir 
cuit requires less replenishing, and greater output and ef- 
ficiency are obtained. Although o push-pull ingut is re- 
quired, this can easily be obtained with a grid tank circuit, 
In addition, harmonics of add order, which can sometimes 
cause a final output on an unwanted frequency, are mini- 
mized, and a purer output waveform is supplied than that 
by the single-tube doubler stage. 

Circuit Operation. The accorpanying illustration shows 
a typical push-push doubler stage. 


Push-Push Frequency Multiplier Stage 


As is evident from the ematic, a push-pull input ts pro- 
vided by r-d transformer T]. L1 is the primary, and L2 is 
tuned by split-stator capacitor C] to the fundamental fre 
quency. Signal bias is supplied by grid drive, causing grid 
current flow through Rl, with RFC1 keeping any rf out of the 
bias circuit. A protective cathode bias is also supplied by 
R2, which is bypassed for rf by C2. Tubes ¥] and V2 are 
pentodes with their suppressors directly grounded, although 
tubes having the suppressor connected to the cathode in- 
ternally could also be used. Screen voltage for the tubes is 
dropped to the proper value by R3 and Rd, which ate bypas- 
sed for r-f by C3 and C4, respectively. The plates of V1 
and V2 are parallel-connected to plate tank L3, C5. The 
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secondary of t-f transformer T2, winding L4, provides an 
inductively coupled output, although capacitive coupling 
could have been used as well. Series plate feed is used, 
and the d-c plate voltage is applied through RFC2 to the 
bottom end cf L3, which is bypassed for rf by C6. Thus, 
any rf at this point flows to ground through C6 rather than 
through the power supply filter capacitor, and any body 
capacitance effects which otherwise would occur when tun- 
ing tank capacitor C5 are also eliminated, 

When the input signal is eppiied to input transformer T], 
the input voltage in primary winding L1 induces a vol.age 
into secondary winding L2 by transformer action, The cen- 
ter of the L2 secondary is connected to ground through RFC1 
and Rl. The windings are polarized so that the top end of 
L2 (connected to the V1 grid) is positive when the top end 
of L. is positive. Thus, when the top end of L?2 is pasi- 
tive, the bottom end of L2 is negative. Since the bottom 
end is connected to the grid of V2, V2 is negative when the 
V1 gtid is positive, and vice versa, Thus, a push-pull in- 
put connection is provided. Tuning capacitor C] is a split- 
stator type which provides a balanced tank arrangement to 
ground, and also resonates L2 to the operating frequency of 
the oscillater, cr input stage. 

In the absence of an input signal, protective cathode 
bias is provided by piate and screen current flow through 
R2. The cathode bias and the signal bias are effectively 
series-aiding, so that the total Class C bias is a combina- 
tion af both. (See paragraphs 2.2.1. and 2.2.2 in Section 2 
of this Handbook for a complete discussion of cathode and 
signal bias.) As the input signal is applied, either the V1 
or V2 grid conducts on the positive half-cycle of operation, 
and grid current flows through Rl, producing the signal bias, 
which is added to the cathode bios. Since only one tube 
conducts ata time, the cathode bias at any particular in- 
stant is produced essentially by only one tube. {When signal 
bias is absent both tubes will conduct, so the protective 
bias is produced by both tubes.} 

On the positive half-cycle of input signal when V1] con- 
ducts, plate current flows for approximately 120 electrical 
degrees of operation, During the remainder of the cycle, 
tube V1] is cut off. When the input signal goes negative, a 
positive grid voltage is induced in L2 and applied to V2, 
while V] is held at plate current cutoff by a negative signal. 
The positive grid input to V2 causes plate current to flow 
for a period similar to that of V1. Both plates are parallel- 
connected, so that a pulse of plate current occurs for each 
half-cycle of input signal, During current flow, the plate 
voltage is dropped actoss the high impedance of output tank 
L3, C5, which is tuned to twice the input frequency. Each 
time the plate voltage is reduced to its minimum value, 
energy is absorbed by the plate tank. Hence, it receives a 
push to keep it oscillating each negative half-cycle, from 
which action the term push-push was derived, Note that in 
push-push operation each tube operates alternately while the 
other tube remains at rest; this should be distinguished 
from push-pull operation, where the current of one tube in- 
creases while the current of the other tube decreases (both 
simultaneously). 
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The reletionshigs of the grid voltage slate current, 
and grid current and plate voltage waveforms is shown in 
the accompanying figure. As the grid voltage {eg,) to Vi 
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Plate and Grid Waveforms and Their Relotionships 


tises in a positive direction, it drives the tube above cutoff, 
and plate current flows. Plate current ip, in flewing through 
the tank impedance at the resonant frequency, produces a 
voltage drop which opposes the applied plate voltage and 
reduces it toward zero. As the grid voltage continues to in- 
crease grid current flows when zero bias is reached, and 
develops a bias voltage across R]. RFC] prevents shunt- 
ing of the r-f input to ground through Rl, so that only the 
rectified d-<c bias current seas through Rl. The current 
flow # is from ground through cathode bias resistor R2, to 


tent fiows, and averages to a somewhat smaller value over 
the entire cycle. Because of the low value of cathode re- 
sce employed, the over-all bice is enhanced by on. 


volt or two. Most of the bias voltage is develeped acros3 
Ri, which is c large vaiue of resistance (JOK to 50K}. As 
the gri 
of V1 


current teaches its peak, so does the piate current 
s time the plate voltage of V} reaches a = 


co, and power t is absorbed b by the resonent tank cir 


ineni noise 


2 When ihe grid voliage drops beliuw 
zero bigs, the grid current stops flow ng ana tne piate cur- 
rent continues 16 fectense, while Me 5 
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creases still further. The plate voltage continues to in- 
crease, even at cutoff when the plate current ceases, be- 
cause of the flywheel action of the tank circuit. At this 


© negative half 
1 Negative half 


e-going signel is induce on the V2 grid 
Thus, as the V2 grid rises above cutoff, plate 
Current again flows, but this time in ¥2. The flow of plate 
cultent causes a plate voltage drop aeress the high tank im- 
pedance, and the effective plate voltage of V2 toliows. At 

5 bias, gid current flows i jative 
i i-cyele. 


ite that produced by Vy of 


the ae current in V2 is ato maxi. 


shes 


Bacas) poste 
voltage. Simultaneousiy, V2 plate curren’ 
zeto bias and then cutoff is reachea, and V2 stops conduct- 
ing. Meanwhile, since the tonk circuit is oscillating in ayn- 
chronism, the plate voltage continues to rise until the posi- 
tive peak voltage 1s reached. At this time eg, and eg, are 
equal ts dias voltage Ec and to each other, plote current is 
compietely cut off and the tank is again supplying energy 
to the circuit. As eq, goes more negative, eg, goes more 
ositive. When cutoff is reached V] conducts again, and the 


slate voltaye again drops toward its minimum value. At the 


iencdernh 4s ma: 
te current is again at its max- 


sium value (as is the grid curtent), and the tank again ab- 
surbs power from the plate circuit. Since the tank oscillates 
in synchronism, completing one oscillation tor eacn half- 
cycle of input, the output is twice the input frequencs. Be- 
cause the tank is reinforced for each helf-cycle vi the in- 
put, or once for each cycle of operation, not as much power 
is expended from the tenk as in a single-stage circuit. The 
plate efficiency, therefore, increases over that of the single 
stage, since only half as much energy is expended by the 
tank, and less is absorbed from the plate. As the input 
nal continues, the action just described is repeated over 
and over again. Since L4 is inductively coupied to L3, the 
Circulating tank current induces an r-i voltage in L4 by 
transformer action, and the output is approximately equal to 
the plate yoltage drop developed across one tube. Any other 
Lurionics in the plate circuit ure olfered a very siiall imped- 
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ance, sifce the lank is not tuned te thet frequency; thus, 
oniy the vesited harmonic brequency exists in the output, 
Although the pulses of plate current occur for only 126 
are rughiy uistorted, the ilywneei acon of the 
tank circuit tends to smooth the output into upproximate 
nce frequency muiti- 
y never v.oduisted, any remaining wavetorm 
distortion is of little significance. 
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FAILURE ANALYSIS. 

No Output. Lack of an input (drive! signal, loss of 
Teen or plate vo , a0 Oben Guipul circuit, ot defective 
thes can cquse loss of auipur, Check the plate, screen, 
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vad supply voltages with a voltmeter. For no output it is 
usually neces.ary for pete tubes iv be defective; if one tebe 
is operative, the output will be reduced rather thar elie 
nated entirely. If ccthoge bias resistor R2 1s Epes the cu- 
cuit will be incomplete and no cutput can occur. H r-f trans- 
former T] or T2 is open or shorted, no output can occur, 
Lack of input (drive) :s indicated by ne bias veltage, as 
measured acros3 1]. Likewise, no mput will produce nigh 
plate and screen current because of the loss of grid bics, 
und thus couse the protective cathode bias voltage across 
R2 to be larger than worsval, Samiorly, ifeither APCL o1 
fil is open, no grid bias will be obtained, and 12 will vic- 
duce a larger than normal protective bias with no output. 
HNhen in doubt, a resistance check of £1, L2, 31, A2, and 
Hr with the power OFF can be guickly and easily 
tiode — or either an oscilloscope or a VTVs can se used tc 
check the grids of Vi ana V2 for rf. if ne drive exists and 
©2 is shorted, the tubes will show color and be damaged 
(if the short is prolonged), while no output will be obtained. 
If screen resistor 43 or (44.15 open, or if cupaciter C3 or 
C4 is open or shorted, there will be a reduction in catput, 
but not complete loss of output; however, if both resistors 
ure open or if both capacttors are shorted, no screen voltage 
will appear and there will be no output. If either C3 or C4 
is shorted, 43 or R4 will teat aonormally, show color, or 
smoke, and will eventually burn out. It plate chcke RFC2 is 
open, no flute voltage will be applied to either Vj or V. 
and there will be no output. A similor condition will result 
if C6 ts shotted; in this cose tne upply is dropped across 
the r-f choke, which will probably cause it to smoke and 
burn out, If U5 does not resonate L3 to the proper fre- 
quency, little or no output «il! be deveicped. Check L3 for 
continuity with an ohsmeter, with the plate voltage OFF. 
Use a grid dip meter of a wavemeter to check the tank re- 
sunant frequency. If the condition of CS is in doubt, coti 
L3 sust be disconnected checking CS with a capacitance 
checker. If secondory L4 opens, no lead will appear on 
either V1 or V2 ane a lower than apt) ae current sell) 


meter. 

A milliusimeter car be inserted in the grid and plate chre 
cuits to facilitate the lecation ef trouble. It will indiccte 
the yria current, which snows whether sufficier:t drive is 
present; it will ulso indicate the plate current, which can 5 
checked for a dip (indicating resonance} and for proper load- 
ing. A Sharp dig in the plate current with very low minimum 
Current and no output indicates that the load is not coupied 
sufficiently or that the output circuit is open. 

Low Output. No voltage or low voltage on the screen 
or plate, insufficient drive, or a defective tube will cause 
low output. The screen ane plate valtuges can be checxed 
with a veltmeter; the grid drive can also be checked with 
a voltmeter by sieasuring the grid bics voltage devel- 

oped across ¥]. If either R3 or R4 is open, no screen valt- 
age will be applied to V1 or ¥2, respectively, and reduced 
output wil! result. Likewise, if either C3 cr C4 is shorted, 
a similar condition will occur. Low screen voltage can be 
caused by a change in value of resistor R3 or Rd, or by a 
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leaky capacitor C3 or C4, A millicmuneter inserted into tne 
supply side cf each screen resister will indicate whether 
if ie screen current 1s obtuined. Inability te sptain the 
ied screen current at the correct voltage indicates a Je- 
vc tube. H stC2 is open or if Cé is shorted 
ge will be applied to either Vl cr V2, In 
n will tend to uct as the plate, yet hot, and eventually 
be dun:aged (if the cendition is crolonsec). A high resist- 
ance due ta c poorly soldered joint in the plate circuit of 
Yl cr ¥2 will cause reduced voltage ana cutput, and will 
usuolly be indicated by broad tuning of tank capacitor C5, 
with low plate current. If the output is low and the voltages 
uppear normal, remove cne tude at a time, noting whether 
the output rises cr drops. A partially shorted tube can cause 
the output to rise when the defective tube is removed, Norm- 
vily the output snould drop t apout half value; if no chenge 
occurs, the remcved tube is prongbly defective. iihen in 
doubt, replace both tubes with tubes kncwn to be gcod, if 
possible. 


incorrect Output Frequency. If other isan the desi 
output frequency is obtained, one of the tives is propaply 
inoperative. Since a push-push circuit can produce only 
even harmonics (2rd, 4th, 6th, etc), an odd harmonic can ce 
produced only by single-tube operation, In this case tne 
output will ususily be reduced, Nermally, the tank circuit 
does not tune through tore than one harmonic. However, 
in iultibund equipment using shorting switches to change 
the inductence, it is possible for 3 poor cr open contact to 
allow the incorrect valu inductunve to de used, and 
thus cause resonance at some undesired harmonic. 


SINGLE-ENDED (CLASS B OR C) R-F AMPLIFIER. 


APPLICATION. 


tor tru 
rent. (Nor: ally, 


ever: und tect ¢ 8 Gajpdidet 


CHARACTERISTICS. 
Use. et Clase Bor C 
Uutput efficiexcy varies with dics; approximately So 
to 63 vercerit far Class B operctios, avd 72 t2 75 percent 
for 2 


3 CO Gpetctio: 


equency js usualiy the saive as the out cut fre- 


current gain. 
aie to Sppro 


aly uses fixee dias, but can a. 
tives Jnt protective catnole bicz, of a combination of scth. 


6-A-22QQ 


pae* 


cp ei 
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CIRCUIT ANALYSIS, 

The alternating component ci plate current in a Class 
B r-f amplifier is propattionai to the amplitude cf the input 
(exciting) signcl. Therefore, the power eatpat saries as 
the square of the excitation (drive) voltage. 
CW operation, maximur. drive an¢ maxi 
When used to amp. d i 


must vary linearly with the input so that no distortion is 
produced; also, the output veries in amplitude in ac- 
cordance with the modulation. Consequently, for operation 
as a linear r-f amplifier, more stringent limits 
placed on tics, excitation, and piate voltage then for CW 
operation. In addition, to cHow for the constant load and 


aeniine ee ee eee th. ia eaialio-ary. 
provide an overload satcty factor, the stags ic usually op 


erated at a 20 percent reduction in rated maximum (CW op- 
eration} cower. (Since the CW stage is keyed, it does net 
operate ot full power continuously, and can therefore de 

. z 


tions which are applicable to the slated Class B linear 
amplifier will be discussed at the « end of this article, since 
slightiy different operating conditions are necessary to pro- 
vide for modulation amplituce increases. 

The Class C r-f amplifier is simiiaz to the Class B r-f 
amplifier, except that it operates at a much higher grid bics, 
it requizes correspondingly greater excitation with mcre 
drive power, and it usually operates at higher plate veltage 
andcurrent. As a result, greater output and efficiency are 
obtained. In the Class C stage the alternating component 
of plate voltage is directly proportions! to the alate voltage 
{not the grid voltage as 
output power is proportional to the square of the State voit- 
age. This is why high-level modulaters vary the plate voit- 
age of the Class U r-f emplitier stage to proauce ampii- 
tude moduletion. 

Cirevit Operation, The schematic of a typical Class B 
of C triode ref power ompiitier is shown in the accompany 
illustration. 


A 
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here for ease and simplicity of discussion. Considerations 
involving other types of tubes will be discussed at the end 
of this article. The input circuit is shown capacitively 
coupled by Ce, although any other farm of coupling could be 
used instead. Grid bias {in addition to bias from the fixed 
supply) is produced by the driving signal, which causes 
tectified grid current flew through Rl; RFC] prevents 
shunting of the drive signal to ground vie Rl. (Protective 
cathode bias is sometimes provided by cathode resistor 

Rk bypassed by Ck, and is shown in dotted lines since it 
may not be used. When it is not used, the cathode is con- 
nected directly to ground.) See section 2, paragraphs 2.2,1 
his Handbeok for a complete discussicn of cathode 
gtid-ieuk (siquai) bius. The tumted plute tuniK con- 
sists of Cl and LI, with output link coil L2 inductively 
coupled to it (capacitive coupling or another form of 
coupling such as a pi-network is sonietimnes used instead of 
late voltage is s 
is bypossed by C2 for rf (shunt plate feed is clso often 
used). This crrangement ensures that any rf at the center 
tap on L] is bypassed te ground through the low-impedance 
path offered by C2 rather than the high-impedance path of- 
fered by RFC2 and the power supply filter capacitor. With 
the center of Li grounded, both ends of the coil are at 
opposite and equal potentials. Split-stator tuning capaci- 
ter C] maintains the balanced arrangement, and permits the 
rotor to be grounded in order to avoid body capacitance tun- 
ing effects (shunt plate feed permits the capacitor and coil 
to be directly crounded). A neutralizing voltage is taken 
from the end of the tank opposite the plate, and is fed back 
to the grid through capacitor Cn. In this plate neutralization 
metioc, Cn effectively forms part ci a bridge circuit which 
balances out the plate-to-grid interelectrode tube capaci- 
tence and prevents feedback and self-oscillation of V1, 

As is evident, the schematic is similar to that of a neu- 
tralized r-f voltage amplifier, which has been previcusly 
discussed in this section of the Handbook. The difference 
in operction is due to the use of cutoff bias, yreater drive, 
and short pulses of plate current conduction, which provide 
© power cutput. Ulass B and Class C C amplifiers are 
discussed separately in the foilowing parcgraphs because 
sf the diffcrences in their operation. 

Class B Operation. Normally, V1 conducts for only a 
portion of acycie, usually tor 18u electrical aegrees, but 

t OS (khorwioe, the operation be- 
ppiiec with 2 recy tron 


of cperauon. Thus, 
: ody output signal is 
ssaintc ned, as long yi down. (In Cla s B audio 
(untuned captors operation, aris thes tube is tieeded to sup- 
ply the energy for the negative half-cycle.) 

When the drive signal {r-f excitation) is applied througn 
Se, the atic of Ma is momentarily driven positive when the 
the fixed ne ga- 
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flow during this interval. Plate current flow is not continu- 
ous throughout the cycle, but is in the form of short pulses 
of energy, one for euch cycle, During this time ¢-o grid 
current flows from ground to the cathate and charges Ce; 
when the input goes negative, Ce discharges through Ri 
back to ground, Electron flow is in tne direction which 
makes the grid end of Rl negative, thus producing a signal 
bias. Radio-irequency choke RFC1 presents a high impe- 
dance to the exciting r-f signal and prevents it from being 
shunted to ground through RI. Thus, only the rectified dc 
component of grid current flows through R] to develop the 
bias. The amount of d-c grid flow is averaged over the 
complete cycle to provide a steacy d-c bias voltage. This 
signal bias is in addition to the negative d-c fixed bias 
voltage, which is applied between Rl (or the grid of V1} 
and ground. The fixed bias automatically provides protec- 
tion in the event that the grid drive is interrupted, so that 
complete loss of bias cannot occur. The total bias is the 
sum of both the fixed bias and the signci bias, Regardless 
of the tyge of bias employed, the operation is similar. Tube 
V1 does not conduct until the exicting voltage drives the 
grid above cutoff. Once above cutoff, plate current flows 
and increases as the grid voltage increases, Gris current 
does not flow until the grid-drive voltage reduces the total 
bias to nearly zero, From this point on grid current also 
tlows, reaching its peak at the same time as the peak of 
plate current flow. 

When plate current flows, the tuned tank circuit offers a 
tesistive impecance at the frequency of resonance, which 
drops the ettective plate voltage to its minimum value at 
the peak of the conduction cycle, At this time the tank cir- 
cuit absorbs energy from the plate circuit. At the same time 
the plate is also dissipating some energy; this plate dis- 
sipation is at ¢ minimum, since the effective plate voltage 
is at its minimum also, and maximum etficiency is obtainea, 

As the amplitude of the grid excitation now decreases 
toward zero cn! then swings negative on the following half- 
cycle, the gric bics is increased and the plate current is 
decreased. When the plate current decreases, the voltage 
drop across the load (or tank impedance) clso decreases 
und the plate voltage rises. When plate current cutoff is 
reached, the piate voltage is just equal to tae source. How- 
ever, the circuit dees not cease operation, since the tank 


circuit contains r-f energy which is now released tc the load, 


From the moment of cutoff until curr again drawn on 
the next half-cycle of operation, the tenk keeps supplying 
the energy. This is so-called ''flywheei" action of the 
tank circuit. During this time (when no plite current flows) 
the tank circuit is completing its half-cycle of operction, 
and the instantaneous plate voltage continues to rise 

until the peak tank voltage is reached. The plate voltage 
at this point is higher than the source or supply voltage, 
but, since the tube is biasec far pelow the point of conduc- 
tion, it has no ettect on V1. The tank circuit now swings 
negative and the picte voltage drops toward the d-c supply 
voltage. At the sane time, the peck of negotive grid swing 
is reached and the gri¢ drive signai swings positive, thus 
reducing the total bias. Eventually, cutoft is passec and 
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the tube is driven inte concuction usain. As the positive 
drive voitage ics decreases ond 
plate current f The plete current 
tlow causes a voltage 4 pecance of the 
load (or tank circuit), ana the effective plate voltage is 
again reducec, Near zero bias gris current again flows, in- 
cteasing to maximum. at the peak of the drive signal, which 
corresponds with the point cf minimum plate voltage. The 
cycle row repeats over and over again as long as the cir- 
cuit is completed (key is held dowr.), 

The accompanying illustration shows the minner in 
which the plate current varies with grid voltage. The grid- 
plate transter characteristie curve is assumed to be linear, 
Actually, there is always a slight amount of curvature near 
zero bias (the bottom) and near saturation (the top), There- 
fore, in linear operation the bias for projected cutoff!’, 
which is slightly different than for actual cuteff, is ¢ 
ployed, and any curvature near cutoff is neglected (it will 
produce only a small amount of distortion, «which can nor- 
mally be tolerated), As can be seen from the figure, the 
plate current is proportional to the drive signal amplitude 


LINEAR CHARACTERISTIC 
Ip 


| MAXIMUM GRID 
EXCITATION 


Grid Voltage and Piate Current Reictionship 
ror Unmodglatec Class & Linear Ampiifies 


up to saturation. After the saturation region is reached, the 
plate current will vary only slighly for a iarge change in 
excitation until full saturation is reachec, at which point 
there is procticc!ly no change in plate current for cy fur- 
ther change in excitation. This is shovin more clearly in 
the followin 3 graph, which also indicates how linearity and 
saturation cre affected by different loaa impedance in the 
plate tank. Note that in the first curve, produced by a high 
load impedance, it takes less gric excitation voltage te 
reach saturation than for moderate and low impedances, og 
shown in curves 2 and 3. The closer the curve is te sature- 
tion, the nearer the output voltage is to the plate voltage. 
‘The output voltage never equals or excees the plate supply 
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voltage, since the minimum plate voltage is always made 
greater than the peak value of the grid excitation voltage in 
order to prevent excessive grid current flow. If the posi- 
tive grid were allowed to become greater than the effective 
plate voltage the gric woulc then act as a piate and tend to 
carry ail the cathode current, Besides causing grid overload 
ana damage to the tupe structure, the late current would 
actually be interrupted, which is the same as if the plate 
were driven negative at this time, and distartion ates be 
produced. Hecall that at the peak of grid swing the plate 
current is qreatest and rf is being absorbed by the tank cir- 
cuit; thus, on interruption of current st this point cannot be 
tolerated, 

x CW operation it is cnimportant whether or not the 
transter curve is exactly liner, since no modulation is ap- 
plied and maximum output with a usabte waveform is all 
that is necessary, Any s light distortion due to nonlinearity 
is GHeotively swampes cut by tne eitect of the tuned tonk 
circuit, so that approximtely a sine-wave cutput is always 
suppliec, Even when driven into heavy saturation the plate 
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As long as the iinear portion is not exceeded (the drive is 
adjusted correctly), no distortion exists. This is normel 
Class B linear operation. Shouid the drive be too low the 
output will be undistorted, but the full amplified power out- 
put will not be obtained and the efficiency willbe lower 
than normal. Since the linear amplifier must provide four 
times the resting power for full 100 percent modulation 
capability, the carrier level is normally adjusted for helf 

the maximum current with full excitation and no modulation, 
When the current doubles on the modulation peaks, the power 
output will vary as the square of this current, and procuce 

a peak output four times normal. When modulated, the Class 
B r-f amplifier stage has stricter requirements. The grid 


is ‘ised ond a constant plate voltage supply is required. 
Usually, the driver is lurger than necessary for CW opera- 
tion and the grid of the linear amplifier is foaded down 


withwmesistonce tovmovide fetter regulation ith: ore 


nearly constant load on the driver. Since maximum plate 
dissipation occurs in the resting (or quiescent) condition, 
the etticiency at this point drops to about 33 percent, and 
teaches maximum efficiency at the peak of the modulating 
signal of about 65 percent. Since the peaks on voice modu- 
lation ore of short duration, the total over-all efficiency 
drops (where in CW operation full power ond efficiency are 
obtained constently), so that a maximum of 50 to 55 per- 
cent is obtained under modulation. To ensure that the tube 
is not werloaded in the resting (quiescent) condition, 
lower plate voltage is used than for CW operation. Since 
Class Ueperation allows the ampiitier to be driven harder 
and greater etticiency to be obtained, Class B linear op- 
eration is used most.y tor amplitying low-lewe: AM meduletec 
signels. In the case of single-sidebanc operation, tne 
linear Class B stage is the only type of amplifier suitable 
tor producing undistorted amplication of the r-f sideband 
signai (Cluss U would cuuse distortion), Where the modu- 
lation is developed in the output (high-level modulation), 
the Class C amplifier is always used, 

Class C Operation. The Class C stage is biased { 
yond cutoff (2 to 4 times), so that the conduction occurs 


feta range of 100 to 120 electrical degrees of the 


only cv 
nycie, 
time, greater eitigiency is obtained (the losses are less), 
saahinan 5 om agli af Th be ON percent Ths 


toaching ¢ maximum ot 75 to 80 percent, The circuit is 


Reni MOH per! 


he ] 


is no longer proportional to the 
signdi. instead, the output is now croportional to tne piate 
vol 


¢ full saturation. The Class 
in bs sawewee 


Seton bak winibhy hn anti 
inder, but with reapeetito plate voltage, 


is doubled, the plate current is also 


ddubied, Bidet meee power output is then isi 
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the greater efficiency obtained, the power output of the 
Class C power amplifier for a given plate voltage is greater 
than that obtained from a Class B amplifier for the same 
plate voltaze. 

When a modulated signal is applied to the grid of a 
Class C amplifier, the amplifier conducts only while the 
signal is above cutoff, and a distorted plate output sigal 
appears with port of the modulation cut off. This is shown 
graphically in the following illustration. On the cther hand, 
if the modulation is applied in the form of an a-c plate 


Grid-Voltage, Plete-Current Relationships 
in a Moduiated Class C Amplifier 


voltage which alternately adds to and subtracts from the 
normal d-c plate voltage instantaneously in accordance ‘with 
the modulation, then the modulation envelope will be repro- 
duced without distortion, since the instantaneously varying 
plate voltaze produces a varying output of similar waveform, 
as shown in the accompanying illustration. 
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Note thet the tank circuit current variations produce equal 
positive and negative swings so that a symmetrical output 
envelope is generated, ond a minimum plate voltage sreater 
than exciting voltage Eg always occurs. Thus, at no time 
is the grid voltage more positive than the plate voltage, cnd 
excessive grid current cmnot flow, The following waveforms 
show the instantaneous voltage and current relationships in 
both the grid cnd plate circuits on the same time basis. 
Plate voltage variation is shown in part A of the figure, 
qrid current and plate current variations are shcwn in part 
B and grid voltage is shown in part C. 
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Plete and Grid Waveforms in Class C Operation 


The grid bias is shown as Ec and the exciting or drive 
voltaye as Eq. The supply voltage is Eb, and the a-c 

e voltage cross the load is El, waich is also the 
output voltage, Eo. Note that Emin aid Eg max always 
occur Simultaneously, and that all waveforms are sinusoidal 
since they are developed across tuned tank circuits. (If 
the grid circuit of V1 does not contain a tuned tank, the 
effect of the driver stage tank produces the same result.) 
The plate-current pulse is always much less than half a 


cycle, and grid current ig flows only when the gria is positive. 


The total instantaneous cathode current is the sum of ip 
and ig (in a pentode the screen current is added}. The 
average value of the plate-current pulse over a complete 
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cycle is the direct current, Ib, which is drawn from plate \ 
supply Ek, Likewise, the average value of the instantane- [2 Sane a er eee 

; * 4 ; EMIN 
ous grid current, ia, is the d-c grid current, Ig (averaged 
ourt a complete cycle). The plate input power is Ib x Eb. 2 
The plate load impedance is connected in series with the ' 
plate supply to develop the desired output voltage when ! f | 


plate current pulses flow. The output magnitude is con- | 

trolled by varying the coupling of the load te the tuned / Tp EL 

plate circuit. While the plate tank appears as a purely re- 

sistive load at resonance, the actual toad is the antenna B 

and associated transmission line, When matched, this A 

combinction is resistive also, but if not properly matched 

it may moduce a reactive effect (either cemacitive or indir Z t +Eq 


tive), and require that the plate tank be tetumed to resonance, 


is detuni will vary 9 a a ’ EXCITATION VOLTAGE 
: his detuning wil vary with the degree of coupling to the (FIXED BIAS) 
ocd, The civisior, of energy betwen the tuned circuit ai A 


the tube is always proportional to the rexpactive valtage 
drops across them. The drop across the tuneé circuit (and 
reflected load represents useful r-f output, while the drop 
acress the tube resistance represents o loss of energy 
ne is dissipated by the piate as heat. This plate loss 

equal to the instantaneous plate current multiplied by 
= instantaneous plate voltage (ip x ep); except for the 
small amount jost in the resistance of the tank circuit, the 
plate loss represents the bulk of the inefficiency, which is 
usually not more than 25 percent. 

The accompanying figure shows the saturation charac- 
teristics of atypical Class C amplifier for different values 
of bids and degrees of excitation. th part A the solid curve, 
“A represents Class C operation, and the dotted curve, 
"Q" remesents Class 2 operation. The Closs 8 stage 
is always opercted between zero and point 1, where satura- 
tion begins. This region is linear; that is, the output 
varies directly with the input. The Class C stage, however, EXCITATION VOLTEGE 
is ulways operated to the right of point 1, und usually ba PIAS 
around point 2, which is in the heavy saturation region. 

Thus, no current flows until sufficient excitation exists to 
drive the tube into conduction. As the drive is increased, 
the current alse increases quickly to ligh 


or 


point l, From point 1 to point 2 there is ni ch increase 
ind 


in plate current with an incragse 


n drive, on 


2 there is eekess no shanyeld at kale Th 


tie ke a it 
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higher, the output voltage will be less and the efficiency 
will be at its lowest value. Part C of the figure shows the 
effect of grid-leck bias on saturetion, In this case, the op- 
eration is clways set at point X to avoid distertion, loss of 
efficiency, and reduced output. Since the grid bias will 
vary with the amount of excitation, c low drive current will 
change the operation into the Class B region, or somewhere 
between Class B and Class C, with reduced output and dis- 
tortion. 

Thus, it can be seen from the figure that full saturation is 
always required in a Class C amplifier to prevent any 
change in drive from affecting the output, With a saturated 
drive, a larger output can be obtained only by increasing 
the plate voltage. 

Other Considerations. Beam power, pentode, and screen 
grid tubes are generally used instead of triodes because 
they require less drive and a larger output can be developed. 
Also, the screening effect of the screen grid provides 
reduced grid-plate capacitance and minimizes feedback, 
so that oscillation will not usually occur, and no provision 
for neutralization is required. Thus, an over-all saving in 
parts is cbtained. Since the plate is farther from the grid 
than the screen, it is important to keep the screen voltage 
higher than the excitation; otherwise, the grid current be- 
comes excessive. However, the minimum plate voltage can 
now be made lower, and a larger plate swing obtained. The 
limiting factor is usually the screen voltage, since if the 
plate voltage were made much lower then the screen volt- 
age the screen would have a greater attraction for electrons 
which should go to the plate, and the screen would tend to 
act as the plate. 

At high frequencies, where the transit time becomes an 
appreciable portion of the cycle, the pulses of plate current 
are lengthened and distorted, causing reduced output power 
and lower efficiency. Electrons which are in transit when 
the negative part of the cycle occurs are driven back to the 
cathode, and cause a heating effect which can result in 
damage to the cathode, In addition, extra driving power is 
required because of power lost in the grid circuit. As a re- 
sult, different tube designs have been developed to eliminate 
or at least reduce these effects. As the frequency in- 
creases, interelectrode lead inductance and capacitance 
limit the highest resonant frequency obtainable with grid 
or plate tank circuits. Lead losses increase and lower the 
highest value of impedance which can be obtained with rea- 
sonable efficiency. Hence, transmission lines are used in- 
stead, and grounded-grid circuits are employed to minimize 
external coupling between the grid and plate circuits, and 
to reduce feedback within the tube. 

The aoplication of modulation andits effect on amplifier 
operation and performance have been mentioned at appro- 
priate points throughout this circuit discussion. For further 
information, the interested reader is referred to Section 14 
in this Handbook, where the subject is covered in detail. 


FAILURE ANALYSIS, 


No Output. An open or shorted input of cutput circuit, a 
defective tube, or lack of supply voltage can cayse a no- 
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output condition. If coupling capacitor Ce is open, no grid 
drive will be obtained. No current will be indicated on the 
grid meter, ond the plate meter will also read zero, since 
the fixed bias will keep the tube beyond cutoff. An open 
grid choke, RFCL, or rid resistor, R1, will remove the 
bias from V1; in this case sufficient plate current will be 
drawn to blow the plate fuse or supply breaker. Such a 
condition cannct occur where cathode bias is supplied by 
Rk, since the tube current will be limited by the cathode 
resistor toa safe value. If either plate choke RFC2 or 
tank coi! L) is open, or if bypass capacitor C2 is shorted, 
no plute voltage will be applied to V1 and an output cannot 
occur. The open-circuit condition will be indicated by no 
plate meter reading, while the short-circuit condition will 
be indicated by an off-scale deflection of the meter and the 
blowing of the plate fuse or supply fuse. If output col L2 
is open, no output can he obtained; the grid meter indica- 
tion will be normal, with a low plate meter indication. If 
tank capacitor C] is shorted, high plate current will be in- 
dicated and a blown piate fuse will result; on the other hand, 
if C, is open, a minimum plate current dip at the usual 
resonance position will not be obtained, and the plate cur- 
rent will most likely be high since the circuit is out of re- 
sonance, When driven to full saturation, detuning of the 
tank circuit off-resonance will usually cause excessive 
plate current (two or three times the normal value), Leaving 
the tank detuned will probably cause the plate fuse or 
breaker to open. This is normal, and is due to improper op- 
eration rather than a circuit failure, If neutralizing capacitor 
Cn is shorted, full plate voltage will be applied to the grid 
of V1, excessive plate current will be indicated, and the 
fuse or breaker will open. 

Where trouble is indicated by high or low meter readings, 
the bias and plate voltages can be checked with a voltmeter, 
to be certain they are present and correct. Open circuits 
indicated by zero current can be checked for continuity, 
with the POWER OFF and the filter capacitors discharged, 
using an ohmmeter. Be certain to observe all safety preccu- 
tions. Since the voltages used in the grid and plate cir- 
cuits of transmitters are usually very high and extremely 
dangerous, your first mistake may be your last! Replace 
any suspected tubes with ones known to be good. 

Reduced Output. Low bias or plate voltage, as well 
as improper drive, will cause reduced output. Ih modcu- 
lated amplifiers, lack of sufficient filament emission or in- 
ability of the power supply to furnish full peak current will 
also cause a reduction in the output, with distortion. Bias 
and plate voltages can be measured with a voltmeter. When 
measuring d-c veltages in 1-f circuits, inaccuracies and 
meter burnout can cecur if sufficient r-f filtering is not em- 
ployed. It is the usual practice, therefore, to measure the 
voltages on the d-c side of the circuit, and rely on con- 
tinuity measurements in the r-f circuit, using plate and grid 
current meters and, when available, r-f tank current meters 
to indicate when the circuit is operating properly. Usually, 
low bias should be suspected when beth grid and plate cur- 
rents are larger than normal, and the tube plate shows ex- 
cessive plate dissipation. Insufficient drive is usually 
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found by noting that the se current is below normci. With 
norma! grid current, lov. © current indicctes either low 
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Reduced output is sometimes due te trouble in the anten- 
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Distortion. In Ce Speraulcn cry distortion tnat exists 
will be in the fora: of ha ics; usually, only the 2: 
rd harmonics cre of great enct plitude to be of any 
. In this case, besides wasting some i 
utput, they may raticte at frequencies which may inter- 
ere with other services. Placing a 2 low-t 


harmonic radiation. A retuction of the bias anJ drive, 
plus an increase in the tank circuit 9, will also minimize 
this ie of stortion. (Thi ot tot i 


ake unepproved: chic 


4 distorted modulstion envelope. 
be OSETIA: on on oscilloscope {uge an rH +t ae or connect 


foxted vefore being appiied to the ay 
inyatfoult, Normal oscilloscope cnecks w 
couse (compare wits typical foulty waveforns 


PUSH-PULL (CLASS B OR C) R-F AMPLIFIER. 


APPLICATION, 

The push-pull Class B or U r-f power amplifier is used 
universally at high frequencies as an intermediate 

(driver) stcge, of as the final output stage ior transmitters, 
where a large output with reduced second harzicnic distortion 
is required. 


CHARACTERISTICS. 

Uses either Class B or Class C bias. Fixed bias is 
nermally used, but self bias (either signal or cathode 
as} may also be used; sometimes a combination oi 
botr types of bias are used. 

Uses a tuned r-f tank circuit to develop the output 
eguency. 

Output efficiency varies with bias; approximately 50 
to ou percent ior is B operation, and 7U to 80 percent 


ating other duke tence 
ation, sther tune tengo a: 


S app! Toximately wice the grd-arive S patel 


eliminated. 


Tnput and outpat capacitance is half 
ended stage. 


thet of the single 
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CIRCUIT ANALYSIS. 

General, In the push-pull configuration, the input and 
output capacitances of the tubes are effectively connected 
in series. Therefore, only about half the normal grid and 
plate tuning capacitance is required for a specific frequency. 
Consequently, high frequency tenks are easier to construct 
and use of this type of circuit is more prevalent on the 
higher frequencies (above 30 mes) although it can be, 
and is, used on the lower frequencies. The push-pull grid 
input also provides a step up of input impedance of about 
four times over that of a single tube. Thus it is easier to 
drive the push-pull amplifier, since the driver stage can be 
more easily matched. Because two tubes are driven, twice 
the drive power of a single-ended stage is required. It 
should be noted that the Class B or C power amplifier 
although connected in push-pull, does not actually operate 
in push-pull fashion like the Class A stage. That is, 
instead of incteasing the current of one tube while simul- 
taneously decreasing the current of the other tube (the action 
from whence the name push-pull was derived}, each 
tube operates separately. Operation occurs only during 
the positive portion of grid swing when the drive exceeds 
the bias, and plate current flow is cut off during the 
negative porticn of the cycle as the tank circuit supplies 
the output. While not operating in true push-pull fashion, 
this circuit retains most of the advantages of the basic 
circuit. Since the individucl plate load is one quarter 
the total load, low impedance triodes can be used to 
develop a high power output. And, although the second and 
even harmonic content is not cancelled out in the primary 
of the r-f output transformer, the even harmonics are 
eliminated in the output circuit (the secondary). The 
push-pull connection also affords a slight increase in 
power output; normally, 2-1/2 to 3 times the single tube 
tating can be cbtained, particularly in unmodulated opera- 
tion (CW). When triode type tubes are used, their large grid- 
plate capacitance causes feedback, and the circuit tends 
to operate like ¢ tuned-grid, tuned-plate oscillator; 
therefore, triodes ore always neutralized, The pentode, 
tetrode, or beam power tube types normally do not require 
neutralizing because of reduced interelectrode capacitance 
and better shielding. However, arrangement of components 
is sometimes such as to permit external coupling 
{particularly at high power and at high frequencies) 
and neutralization is then necessary. 

Although cutoff bias is required, cathode bias may 
be used since one of the tubes is clways conducting 
(both conduct alternately). However, since the push-pull 
circuit is a balanced circuit is a balanced circuit, it is 
usually easier to apply a fixed negative bias and avoid 
selecting or matching the tubes to get equal currents. 
Since grid current is always drawn, a grid leak resistor 
is usually connected in series between grid and ground 
to provide some signal bias, and reduce the voltage require- 
ment on the separate C-bias supply. 

Circuit Operation. The schematic of « typical triode 
push-pull r-f power amplifier is shown in the accompanyin3 
illustration. The triode is used for ease of explancticn. 
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Considerations fer screen grid and other type tubes will be 
discussed at the end of this article. 


Triode Push-Pull R-F Power Amplifier 


Coil L1 couples the output of the driver stage to tuned 
input circuit L2, Cl. Grid bics is supplied to a tap on L2 
from ¢ fixed bics supply, supplemented by signal bias pro- 
vided by Rl, and bypassed for rf by C2. The cathodes of 
Vlnd V2 are grounded, and the plate tank consists of 
split stator capacitor C5 and coil L3; the cutput is inductive- 
ly coupled through L4. Cross neutralization is provided, 
with the plate of V1 coupled through neutralizing capacitor 
C4 to the grid of V2, and the grid of V1 coupled to the 
plate of VZ by neutralizing capacitor C3, Series plate 
feed is used with the supply tapped to the center of tank 
coil L3, and bypassed by rf by C6. 

With c fixed negative bias applied to the center tap on 
2 from the separate negative bias supply, the grids of 
tubes V1 and V2 ore biased far beyound cutoff (about 
2-V/2 times), In the absence of excitation, both tubes are 
cut off, no current flows and no output is obtained. Wher. 
r-f excitation 1s applied to coil L1 a similar r-f volt- 
age is induced in tank coil L2. Since the center 
tap of L2 is bypassed to ground for rf it is effectively at 
t-{ ground potential (zero voltage) and the ends of the 
coil to which the grids of V1 and V2 are attached are 
at equal and opposite r-f potentials. When a positive 
voltage appears on the grid of V1, a negative voltage 
oppears at the grid of V2. With a balanced input the 
voltages are of equal amplitudes and of opposite polarities. 
Grid tank capacitor C1 tunes the input tank to resonance at 
the frequency of the drive voltage. The maximun current 
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flows in the closed tank circuit, and maximum drive voltage 
is developed across the parallei-connected tenk and applied 
to the grids. Assuming a sine wave exciting signal going 
positive on the grid of V1, the grid of 72 is driven further 
negative into cutoff and ne plate current flows in V2. As 
Tuy ve the signal oi Vi yric is below the cutoff leve 
current flows in V1 clso, and both tubes remain cut o 
As the pesitive-going input signal rises shove the bias 
level on V1, the tube is eventually driven into conduction, 
und plate curtent flows. Since the tubes are fixed biased 
beyonce cutoff, plate current flows enly turing the time the 
que is acove cutoff, or for about 120 degrees of the 
cycle of excitation s1y As the positive 


at phereeees, cacching 


its beck at the sume Uine the henentatlon voltage reaches 

its crest. At the beginning of the conduction cycle tae 

yrid voltage is only sufficiently positive 1 reduce the 

tixea Dias voltage so tnat tne effective bias is just acove 
cutott {but suli negative). However, cs the amplitude ot the 
drive voltage increcses, the grid is driven to es zero bias 
level and then positive, At or near ze! 
s to flow, incressing to its pea 
Grid current flow is Saban the cathode 

, through coil L2 the center top to grid 
tesistor Rl, then to the bias supply end ground, In flowing 
through Rl, a negative voltage is developed across Ri 
which adds to the instantaneous tics. The value of Rl is 
at the maximum desired Dias is progucec ith 
of the cycle 
is reached, with light saturation for Class B amplifiers, 
with heovy scturation for Class © amplifiers {see 
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and the enegiene lines of force link output coil L4 (which 
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etplnonegstive, since tink Listens 
CS are ere unt ot the output trequency, a circu- 
loting current is built up within the tank which continues 
to oscillate peck anc forth. Reinforced first by Vi, and 
by V2as itcperstes. The reser 
desired ohee frequency and diser 
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fundamerital output frequency and very low ot any of the 
harmonic frequencies. Thus maximum voltage is developed 
across the maximum impedance presented at the desircd 
tundemental freq acts as a tapped 
autotransformer with a turns ratio of one half to one (2 to 


VW. Since transformer impedance always var 
4). Since transformer Impedance always 


square of the tums tauo, it presents a load Impea 
the single tube of cne quarter the plote to plate load 
impedance. At the positive crest of the drive cycle the 
voltage drop actoss the tank impedance is maximum and 
causes the effective plate voltage to ve at a minisnuin 
vel At this time the tonk is abserbing, or being charged 
with ef energy, und only ¢ small ameant is apptied to the 
fee for tisvination ir the torm ot sent, 
efficient part of the operating cycle. 

As the excitation voltage passes the crest und teduces 
the amplitude it kecomes negative going. Tne effective 
bias becomes more negative and plate current flew is 
reduced. iduchied 
and grid current flow, likewise, reduces and ceases, From 
here until cutoff the plate current continues to pega 
d ceases when cutoff bias is reached. While the plate 
current is reducing, it induces q tank current flow in the 
opposite direction causing the tank capacitor to discharge, 
This discharge continues beyond cutoff when both V1 and 
V2 are non-conducting, and is the so-called flywheel!’ 

ffect of the tank, which continues to supply an r-f output 
even though neither tube is operatin: hen the positive 
half cy 
starts, the grid of Zz 
is held inoperative for the rema 
cycle. 


tank coil 


ice lO 


Pimisthe weet 


This action vontiques until zero vias ts 


urther into cuteif and 
ng portion of the half 
scentive Sythe Rega- 
tive half-cycle of input sional, (The input signal is in- 
verted by the push-pull input tank.) During the neaati 
cycle, tube V2 is made to operate exactly cs described 
chove for V1. The effective bi 
current Hows, 


is reduced until plete 
nd as the bics decreases grid current flow 
starts near zero Dias, reaching its peak ct Bes negat 
crest of the drive signal {the grid voltcue applied * 
positive), Plate current flow throuch V2. oe the Icwer 
halt of the tank coil, now tlows in tae otner cirection 
and charges C5 jn the opposite directicn to the previous 
half-evele of operation. Actually, operation is only over 
4120 degrees as mentioned Selore, and the tubes cre 

180 degree 1. 
Thus it cari be said that ¢ whutie odpiles 
for a total of 120 degrees, and the tubes for 240 dey 
Gat Gta single cycle of operation 
identical in every respect with that of V1, tneir currents 


ond voltages: are, forever, BG 


ener ae =i 
quiescent over 60 Jearees of 


Operation od V2 is 


fs 
ees aut of piers 


10 canceling affoe ree 


but Mere is io canceling offect since euch tuse operates, 
seperately. The tank circuit, mean evils continues tc 
oscillate first in one direction for 180 degrees and tren in 
the other direction for the remaining i80 d 5g grees 0 
tlete cycle, beir , 
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which is is inductively coupled. Since the tank is tuned to 
the fundamental frequency, even harmonic content is 

almost entirely cancelled in the secondary (L4) since 

equal and opposite voltages are produced. The closer the 
circuit is to a balanced condition the more nearly is the 
even harmonic cutput reduced to zero. Since the odd har- 
monics occur in-phase a small amount also appears 

in the output. The amount is dependent upon the impedance 
the tank presents to odd harmonics. Usually it is so 

small as to be considered negligible. However, in 
extremely high powered stages (megawatts) this output 

may be on the order of tens of watts (or more) and require 
extra filtering to prevent it from being radiated on the 
undesired harmonic frequency. The manner in which the tank 
current and the fundamental and harmonic plate current 
components vary is shown in the accompanying figure 

to illustrate the manner in which the even harmonics are 
cancelled. 


AMPLITUDE 


Tank Current versus Fundamental ond 
Harmonic Plate Currents 


The instantaneous tank current it varies continuously 
throughout the cycle flowing first in one direction (shown 
as positive) and then flowing in the opposite direction 
(shown as negative). During a portion of this time ip] and 
ip2 (curve }) flow alternately as V1 and V2 operate. Any 
second and third harmonic currents flow as shown in curves 
2 and 3, respectively. Since the second harmonic current 
is always out-of-phase with the fundamental plate current 
it cancels out. The third harmonic current (curve 3) in in- 
vhase more than it is out-of-phase, therefore, a smal! 
amount of odd harmonic distortion remains in the output. 
The selectivity of the output circuit also helps discrimi- 
nate against any harmonics, since the impedance it offe:s 
to these frequencies determines the output amplitude, and 
most output circuits are resonant at the fundamental 
frequency. 

With the grid V1 and V2 cross connected to the opposite 
tube plate through neutralizing capacitors C3 and C4, equal 
and opposite feedback voltages are applied which cancei 
Out any in-phase plate to grid feedback and prevent the 
stage from going into self-oscillation. The additional 
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capacitance added by tre neutralizing circuit reduces the 
input impedence, hence, triodes are oily used when nec- 
esscry, or the push-pull grounded-grid circuit is used 
instead. The use of a well shielded tetrode or pentode 
makes neutralization unnecessary, because the plate and 
grid are shielded from each other by the screen grid and 
its associated bypass capacitor, which nolds the screen 

at 1-f ground potential. The low excitaticn requirements of 
the tetrode or pentode makes them especially suitable for 
use in the intermediate stages of c transmitter. ‘hen the 
power used by the screen grid is considered, however, the 
overall efficiency of these tubes is not as great as the 
triode. Because of the easier drive requirement and the 
lack of neutralization provisions, tne tetrode, or beam 
power tube is generally fcvored over the triode. Particularly 
in band-switching transmitters wnere a neutralizing ad- 
justment is not required for each band. 


FAILURE ANALYSIS. 

No Output. Loss of excitation (drive), bias, supply 
voltage, or defective tube(s) can cause a no-output condition. 
If input coil Lt is open, no drive will be obtained and the 
tubes will rest in the cutoff condition. Lack of both grid 
current and plate current will be indicative of this condition. 
Check L1 for continuity with the POWEH OFF. If drive is 
present in LI, but L2 is open, or Cl is shorted or non- 
tesonant, a similar condition will exist. If L2 is open the 
symptoms will be the same as when L1] is open. However, 
if Cl is shorted no drive will appear on V1 or V2 grid and 
the fixed bias supply will be grounded through Rl. Usually 
extremely heavy grid current will flow and Rl will heat, may 
smoke, and will eventually bumout if the condition is pro- 
longed. Meanwhile, the plate current will also be extremely 
high because of loss of bies and will usually blow the 
plate fuse or open the plate circuit breaker, if provided, 

The same symptoms will occur also if grid bypass capacitor 
C2is shorted. Check V1 and V2 grics with a voltmeter 

for the proper negative bias. If L2 is not open and Cl or 
C2 is not shorted the proper d-c bias will appear on both 
tubes (make this check with driver plate voltage OFF, 
otherwise, r-f drive may burr. out the meter). If Clis not 
tuned to resonance, sufficient drive may exist to produce 

a low output, but normal loading and output will not be 
obtained. Normal bias voltage aslo indicates that both 
neutralizing capacitors C3 or C4 are not shorted. When 
either C3 or C4 are shorted, plate voltage will be applied to 
the grids cf both Vi and V2, cause heavy plate current, and 
blow the fuse or breaker. 

when the loss of output is caused by lack of plate 
voltage it may be due to shorted plate bypass C6, a de 
fective power supply, shorted tank capacitor C5, or de- 
fective tube(s), Check the supply voltage first with a volt- 
meter, be certain to observe all safety precautions since the 
plate voltage is dangerously high. Make certain that the 
transmitter plate switch is OFF wnen checking the supply. 
If either C5 or C6 is shorted and the supply is good the 
plate fuse or oreaker will operate, and high plate current 
with normal or slightly higher than normal grid current 
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indication will be obtained momentarily. Usually CS can 
be checked visually since arcing will occur as the rotor 
is varied throughout its range and wherever it toucnes or 
toves too close te the stator. If not, make certain the 
plate voltage is removed, and use a sl : 


meh elites 
in the pacte 


with an onmmeter, no continuity should exist and the re 
sistance should be infinite. Then disconnect C5 and L3, 
and aguin check for continuity to ground, With the tank 
disconnectec check the plutes of Vi and ¥2 to 
any resistance cther than infinity probably indicates ¢ de- 
fective tube, Note: be certain to coserve the polarity of 


tis 


a neaative vote 
te anegative. rot 


the al ic cpplied from 
plate to ground. Otherwise, if the plate is mode positive 
ond the tube filumer operating there » 
c t, utd a false resistance-to-yround reading will be 
obtuines. 


be a flow of 


Check output coi L4 for conunuity at the same time 
to avoid making «later check. “shere the tube(s) are sus- 


low plate reading (or a nigh plate recding) rapidly tuned C5 
back and forth to determine if aiminimum dip indicating 
tesonance can be obtained, With a sharp minimum and a 
reduced plate current either L4 is open, and load is not 
connected, the drive is too low, or L4 is not coupled suffi- 
ly close to turk coil £3. Tu the case of heavy plate 
current and broad dip, usually some output will pe obtained, 
and too large, or an overcoupled load is indicated. 

Use of grid and plate meter indications, plus the tuning 
of Cl and CS, should be made to determine whether normal 
currents and tuning are obtained, since these offer a quick 
means of trouble-shooting. In most instances, moderate and 
high powet tansmitters und tanks are constructed mechani- 
cally and electrically rugged so that visual observation 
will locate grounded parts (usually some sign of an arc 
such as charred insulation or a bluck spot will mark the 
point of improper grouncing due to the high voltage and 
currents involved). 


In the event of tube trouble, usually both tubes must be 
defective to cause no output in a push-pull circuit, since 
the stage is capable of operating at reduced output with 
oniy o signel tube, In this cose. teviacing euch tube 


seputotely und thea rechecking operation each time will 


determine which Tube was nol berating. 

Reduced Output. Low drive, qrid bias, or plate voltaae, 
us weil us o detective tuve can cause g reaucea Oulpil. 
Low drive will be indicated by alow grid current reading 


iotly with reduced clete current, end cutout 
with reduced plete current, or en 


Lew gnc 


sually cause operation in the 


tegion with a higher than normal plate current. Check the 


SA OF AB 


ground; il indicate the sum of both the fixed bias 
und the signul bios, and 


ould be made with Ci tuned to 
+ 


current. er coup) 


between 
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plate current suddenly increases and the output reduces, 
particularly during voice modulation (or while being keyed 
off and on), improper neutralization can be suspected. 
Remove the plute voltage und tune tunk capacitor CS through 
resonance, the grid current indication should hardly change 


ed. Ib it Mieke sh 
ed. If it flicks sh, 


C4 in small increments, simultaneously, first in one direc- 
tion and then in the other. No change ir grid current will 
be observed ut the point of proper neutralization, 

Normal plate voltage and leading accompanied by re- 
cuced plate current indicates the possibility of low tube 
emission, Substitute two known gocd tubes to eliminate 
the tubes from suspicion. If plate voltage is low with normal 
lead the pow prly rectit 


dg sly. adiust C2 and 
is ply, adjust C2 and 


are probaply in need of re. 
ate pf y in need of re 


placing, A dynamic check cn the power supply can be made 
by guickly detuning and resetting US te resonance. The 
esonance current should not cause the plate 
voltage at C6 to drop more than approximately 25 or 30 
volts. If it does, the power supply regulation is poor. A 
poor soldered joint or bad connection can introduce a high 
resistance in the plate circuit and cause a reduction in 
applied plate veltage with a low plate current indication. 
To check this, remove plate voltage from the driver AND 
final, discharge the filter capacitor with a shorting stick, 
and check the resistance between the tap on L3 and the 
plates of V1 and V2. Indication should be zero or a few 
tenths of an ohm. 
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MULTICAVITY KLYSTRON R-F AMPLIFIER. 


APPLICASION. 

The multicavity klystron r-f amplifier is used to supply 
nigh rf power to the transmitting antenna of television, 
radar, microwave, and electronic counter-measures equip- 
ment operating in the VHP, UP, SHE, and EHP regions. 


CHARACTERISTICS. 

Uses a positive grid voltage. 

Uses a number of cavities tuned to the same frequency 
for narrow-band operation (synchronous tuning), or is 
staqger-tuned to different frequencies for wide-band opera- 
tion, 


Power gain 


ison the order of 30 to 50 db. 


megawatts in transmitting applications. 
Efficiencies of 40 to 50 percent are possible. 
itses veicetty moauiation ot an electron beam to torm 
vg for amplification. 
aty provides additiona: amputication, and ex- 
tremely high ain is thus obtained. 

Extemal magnetic beam-focusing is usually employed 
to improve efficiency. 


CIRCUIT ANALYSIS. 


General. The pasic multicevity klystron consists of an 


fl an input (buncher) cavity, an outout fcatcher? 
lectron gun, & mcner} {catcher} 


rdinput (buy cavity, an output 
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cavity, and a collector anode. The cavities may be intearal 
within the tube or constructed extemally so that the tube 
can be inserted within them. A focusing coil arrangement 
is usually included to prevent divergence of the electron 
beam, loss of electrons, and consequent reduction in effi- 
ciency. . Any number of cavities can be used by increasing 
the tube length, as long as the transit time across the lips 
of the cavity is short as compared with the wavelength of 
the signal. The high-power klystron operates at voltages 
of 25 to 100 kilovolts or more, and the current is in terms 
of amperes or tens of amperes, rather than milliamperes. 
The unit is usually shielded as a protection against high 
voltage, and special lead shields minimize the X-radiation 
produced as a consequence of the high electron voltages 
used. Since the physical construction of the various tubes 
available are slightly different for different manufactures, 
the following discussion applies generally as far as basic 
theory is concerned. The effects of cavity shape and con- 
struction, windows, and apertures or coupling loops are 
generalized so that the discussion will be applicable to 
most types of klystrons. Moderate-power tubes use forced- 
air cooling, while the high-power units use hollow water 
jackets with forced-water circulation to provide artificial 
cooling. 

Because of the noise produced by the electron beam 
(noise figure averages 25 db), the multicavity klystron is 
normally used for transmitting applications instead of 
teceiving applications. While feedback can be employed 
between the cavities to provide oscillation, the multicavity 
klystron is generally used as a linear r-f amplifier, being 
driven by a lower-power klystron or a traveling-wave tube. 

Circuit Operation. The simplified schematic of an 
elementary multicavity klystron is shown in the accompany- 
ing illustration. 


AM 
INPUT 


BUNCHER 
CAVITY, 


CATHODE 
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Simplified Kly stron Multicavity Amplifier 


At the left is the cathode of the electron gun, from which 
the long electron beam is accelerated, and at the right is 
the collector, which finally collects the beam. The electron 
beam first passes through the input resonator. The input 
signal produces a longitudinal electric field across the part 
of the resonator through which the beam passes. This field 
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alternately retards and accelerates the electrons passing 
through the resonator. The retarded and accelerated elec- 
trons all travel along through the drift space between the 
cavities. There, some of the accelerated electrons catch 
up with some of the retarded electrons which left the input 
resonator earlier, so that bunches are formed. These 
bunches are composed of electrons which passes through 
the input resonator while the field was changing from re- 
tarding to accelerating. These bunches eventually pass 
through the output resonator {or catcher} and induce a 
current from which the output is derived. In the }+cavity 
klystron, an intermediate resonator is placed between the 
input and the output cavities to provide, in effect, a two- 
stage amplifier in one tube envelope. The bunched electron 
beam produces a field across the intermediate resonator, 
and this again retards ond accelerates the beam (that is, 
velocity-modulates it anew). In tubes for very broad-band 
operation, several intermediate resonators may be used. 
The manner in which the electron beam is formed and 
bunched can be understood by following the action step 
by step. The initial electron beam is produced by a Pierce- 
type electron gun. The electrons emanate from a flat cathode 
under the attraction of a positive accelerating field pro- 
duced by an accelerating grid located near the cathode 
(between it and the input resonator). This electrode is 
shaped to permit passage of the electrons through a small 
orifice. In low-power guns the electrode may contain an 
actual grid structure through which most of the electrons 
pass without hindrance and form an essentially parallel- 
path beam of electrons. The tendency of these electrons 
to expand around the axis of the beam and disperse 
is corrected by a magnetic field placed along the axis of 
the tube by a focusing coi! (permanent magnets are also 
used). Any electrons which tend to fly off at a tangent, or 
in a radial direction, are forced back into the beam path by 
the parallel flux lines from the coil. In extreme cases they 
cause the recalcitrant electrons to follow a spiral path 
back to the axis of the beam. The parallel beam of elec- 
trons, all traveling at the same speed, passes through a pair 
of buncher grids, as shown in the accompanying illustration. 
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Each of the buncher grids is connected to one side of a 
tuned circuit (cavity). {The tuned circuit and the buncher 
grids are at the same d-c potential as the accelerator grid.) 


ally inductively coupled into th 


ally inductively coupled inte thi 


sinewave input, when the © buncher 


uit OF cavity, an produces an oc field between 
a 
4, 


farthest away is negctive. These eae add to or sub- 
tract from the applied d-c accelerating voltage. Therefore, 
the alternating (signal) voltage between the buncher grids 
causes the velocity of the electron leaving the buncher 
grids to differ, depending upon the time at which each elec- 
tron passes these grids. 


An electron that passes the center of the buncher cavity 
at the same time the input signal is passing through zero 
leaves the buncher at the same velocity at which it entered 


). The 


erating potential occur 


Ss plotted ag S shown in 


following Applegate diagram, which iadicetes how 
bunches are formed, The slope of the lines in the figure re- 
presents the velocity of the electrons. 
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Applegate Diagram of Electron Bunching 


Electrons which pass the center of the buncher a few 
electrical degrees earlier than the point of zero voltage 


: the diogroin} encounter ¢ negenve 


Elections Wh ok pass 


1 Increused verocity since the puncr 


y higher then whe yoltago ef the aecelérater arid 


signal adds to positive electrode voltage}. In 


held tree drift space between the buncher and the inter- 
mediate cavity, faster electrons F and G catch up with 
electron E, which previously passed the bunch with no 
change in velocity. Slower electrons C and D lag behind, 
and hence draw near to E. Ar some poi 


itage is now 


nt between the two 
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in a group. Now consider electron A’, which leaves the 
buncher a nalf-cycle later than E. In this case its neighbor- 
ing electrons draw eway, since H is slightly slower and B’ 
will:beslightly faster. Consequently, the-electren:stregm 
clong the tube consists of electron bunches separated by 


regions in which there are few electrons. From the diagram, 


it appears us though bunching occur 
of operation. Actually, bunching really occurs two or three 
cycles later in the relatively free drift-space between 
cavities. Alsc, bunching occurs twice in the three-cavity 
klystron (once between the input and center cavities, and 
once sagan belieen the center omc output Peavities); 


Since 


reaily is ae elles ofa 
retardation and ccceleration of electron 


using a much grecter electron-line 


perererthes 

Gus stream of elections enters the 
buncher grids, the number of electrons accelerated by the 
alternating (signal) field between the buncher grids on one 
half-cycle of altemation is exactly equaled by the number 
of electrons which are decelerated on the other half-cycle. 
Therefore, the net energy exchange between the electron 
stceam and tne buncher is zero over a complete cycle 
{assuming o sinusoidal signal}, except for any losses that 
occur in the tuned circuit or buncher cavity. As the elec- 


trons travel down the tube, they pass through the intermedi- 


y gidcvand induce an oscillation inta the middle 


Sia saan San 
since G contin! 


g2 


‘cavity. Thus, an a-c potential similar to the input signal 
is produced between the middle cavity grids. When the 
middie cavity is tuned to a irequency sligntly nigher than 
that of the buncher cavity, it presents an impedance with an 
inductive component. This provides a phase relationship 
between the cavity voltage and the electron stream which 
causes further velocity modulation of the electron stream. 
In this case, since the cavity is a high-Q resonant circuit, 
it causes a voltage build-up which is larger than that of the 
input signal. Therefore, the electrons are again bunched; 
this time they cre formed into denser bunches, and the free 
electrons between the bunches are still further reduced 
(some are absorbed into the new bunches}. The new buncnes 
of electrons form in the drift space between the middie 
cavity and the output (or catcher) cavity, pass down the 


ee thie Harshaecesitty ark comanhar 
The condition the catcher cavity cre somewh: 

za Wega GO Se A 
This cavity is tocated along the tube 


iS Gt 


that i 
thot tie 


passage of the electron stream in bunches waa the first 


tigl upon it. T 


ate between the two 
ately to a half-wavelengt: 
at the fesaaetiey ot operation. Thus, by the time the first 
bunch reaches the second catcher grid, the first catcher 
grid has reversed polarity and becomes positive, while the 
second cetcher grid is now negative, as shown in the accom- 


ponving rilustration. 
ponling (lusts 
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Since the second grid is also negative, it further slows down 
the electrons and aqain absorbs energy from them. Thus, 
in delivering eneray to the tuned cavity connected to the 
catcher grids, the speed of the electrons is greatly reduced. 
After passing this second set of catcher arids the spent 
electrons are collected and removed from the tube by the 
positive collector plate. 

A complete multicovity klystron r-f amplifier can be 
shown schematically as illustrated in the accompanying 
figure. The operation is exactly as described in the para- 
graphs above; therefore, it will not be repeated. 


COLLECTOR 


INPUT 


OUTPUT 


Multicavity Klystron R-F Amplifier Schematic Giagram 


FAILURE ANALYSIS. 

No Output. Lack of or improper accelerating voltage, 
loss of drive power, or improper cavity tuning can result 
in loss of output. Usually, excessive beam current indi- 
cates improper tuning or voltage. A voltage check will in- 
dicate whether the voltage is sufficient. WARNING: 
Dangerous High Voltage is present; all safety precautions 
should be taken to make certain that no shock hazard exists. 
In practice, the shell of the tube is grounded and a high 
negative voltage is applied to the cathode. It is particularly 
important not to remove any lead shielding while trouble- 
shooting; otherwise, X-radiation effects will produce a 
hazard to maintenance personnel. Normally, a no-output 
condition will be caused by an open circuit (or short cir- 
cuit) or by a defective tube, rather than by mistuning or 
low voltage, since in these latter cases some smal! output 
normally occurs. When both filament and anode voltages 
are correct and the proper drive voltage exists, the tube 
is probably at fault. Substitution of a tube will not immedi- 
ately restore full output, since the proper tuning and adjust- 
ment procedure must be followed to enable the tube to 
function properly. Use the manufacturer's recommended 
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procedure for tuning and placing the unit in service, and 
note any deviations in performance or any abnormal in- 
dications as the procedure is followed. Investigate each 
deviation as it occurs, and make certain that is is cleared 
up before proceeding further. 

Reduced Output. Low filament, drive, or anode voltage, 
es well as mistuning, can cause reduced output. Check the 
filament and plate voltages with a voltmeter, observing all 
safety precautions. An increased beam current can result 
from improper tuning or improper load. Check the drive, 
using a dummy load at the input to be certain that sufficient 
power is available. With sufficient drive established, 
connect a dummy load to the output and follow the proper 
tuning procedure. As the tuning procedure is performed, 
the beam current should reduce, more r-f drive should be 
required, and o greater output should result. Where focusing 
coils are used, loss of focus magnetism will show as a 
reduction in focusing-coi! current and a reduction of beam 
current (the stray electrons are absorbed before reaching 
the collector). An increase in beam current can usually be 
traced to improper cavity tuning. For maximum output, 
both the input and output cavities should be tuned to the 


6-A-22EEE 


J3BE 


f2 Yi3x 


ELECTRONIC CIRCUITS 


NAVSHIPS 


same frequency. [n broad-band operatren 
that each cavity be tuned to the proper Heat eEncy; of 
loss of output or cf frequency rer. ye will oc 
other power amplifiers, the proper load m m. 
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unwanted reflect i 
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DIRECT-COUPLED (D-C) AMPLIFIER. 


APPLICATION, 


The direct-counied ampiitier, commonly known uy 


yo Sed Whele 1 is necessury ta umpiily ex- 


Bylcneiedc 


d-c amplifier 


to, ond incled- 


ig zero fre! 
application of the d-c amplifier is in the d-c vac 
elnieten This amplifier also tinds use in a oaluncea 
bridge circuit, where two d-c voltages are to be compared, 
and the difference between them is to be indicated on a 
meter. Another important application is in the signal input 
amplifier of on oscilloscope which is designed to accept 
low-frequency or direct-current inputs for waveform disp! 
Other uses of a direct-coupled amplifier aré: to isolate two 
d-c circuits while allowing a transfer of signal from the 
first circuit to the second but not in the reverse direction; 


_ to add two or mare d-c voltages io produce a d-c output pro- 


portional to their sum multiplied by a constant fector; and 
to reverse the polarity ot & d-c voltage while either keeping 
its numerical value unchanged or increasing its numerical 
value by 1 constant factor. 


CHARACTERISTICS. 
nes connection between the output (plate) of one stage 
ond he Inout faskat of the d dec Sars litter 5 ies direct 


ens the tagny 
connection, without the use of any intervening coupiin 
device such as ¢ capacitor, impedance, oi tionsforner. 

Amplification of very low frequencies, or very slow 
variations of voltage, is accomplished without 4 
and with uniform resporse. 

Speed of response is practically instantaneous; 
signals may be amplified without any distortion due t 
differentiation. 


Input impedance is high: no arid current flows. 


number of stages. 


CIRCUIT ANALYSIS. 
Genero! In most vacuum-tube amplifi 
coupling device used hetween the 
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ing device serves to isolate the highly positive voltege, 

; often hes 3 value of severai hundred volts, at the 
plate of the preceding stage, from the low signal bics volt- 
age ct the grid of the amplifier stage. In resistance- 
capacitence engin mmpedance: coupled ‘onplites cit- 


sup ely 


yoitege irom being doplied ts the arid ot the succeeding n 


stage. in tronsformer-coupled amplifier circuits, the electri- 
cal tion between the primary and sec 
prevents the plote supply voltage, which is present in the 
ng, irom being applied to the arid circuit, 
dj ondary winding. 
Tn the direct-coupled {or d-c}) amplitrer, the output (plate) 
i ected direetly to the inv 


i use of Uny intetvenine 


i tubes, since ¢ : $ 
must be Supp. d positive voltage reve reset to its 
cathode, an¢ the grid of the fo.lowing tube must be supplied 
2 negutive bus voltage with respect to its cathode; this 
oud of course, is already sup: polled with an nian plate 

potential of the preceding plate 
A special voltage-divider network is hereltred 
supply the various values of bics an € 
amplifier stage. 

Circuit Operotion. A typical d-c amplifier circuit is 
shown in the following tilustration. In this circuit, the 
input signal is applied, across giid resistor Rl, directly to 
the arid ol the iirst section af twin-triode tube V1, whicn 
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is used as a two-stage triode amplifier. The grid resistor 
is returned to the most negative point on voltage divider 
R4, designated as point a. The cathode is connected to 


on 
of Mvnhihe 


Bi sas 


~Ebp Ep 


= 


Two-Stage Direct-Coupled Amplitier Circvit 


point b on R4, which establishes the proper arid bias for 
operation of VIA, since point a is more negative than 
& Thee! location of point b on voliage divid 

critical, since the terminal voltage at point 5 


somewhat ¢) 
depends upon the velues of > 
voltage divider taps 6, c, and 
voltage, Epp. Plate voltage is taken from tap d on F BG, 
applied through plate toad resistor R2 to the plate of VIA. 
Pilate icad resistor F. setves cs the gid re 
the second amplifier stage, VB, and the plaze cuneni 
ing through the resistor estoblishes the grid voltage of 
VIB at the value existing at point d less the voltage drop 
across resistor R2. The location of point don the voltage 
divider is such that approx: 


te is apolied to the first amplifier 


rent flowing at each of the 


stor for 


powor Senphes voltade lifter 
stage, VIA. 
The cathode vf the SHceas ‘or stane VIF. it 


sunnected £6 


Age iS More DOSILIVE © 
mount at the da : f 
ore baeee than Mit at ihe gia oP VI 
ach resister R?.) The nlate ot the 


token across plate 
the use of on 
AS is ee 
point e, and capaci 
the power s) 2 
tance network which, because of jis o 
careful adjustment st 
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having a uniform frequency response over a wide range, ond 

a response time which is practically instantaneous. 
Assuming that the follages have been adjusted for Class 

A operation, the norma! voltage conditions of the circuit 

are shown in part oo: 


with nu signa! applied te the 
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D-C Amplifier Input-Output Voltoge Characteristics (For < 
Single Stoge) 
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amplifier will not operate within Class A limits.) Asa 
result of this less negative bias voltage, a greater current 
is caused to flow in the plate circuit, through plate resistor 
R2, and a lower voltage is produced at the plate, as indi- 
cated by the upper (output voltage) solid line in part ¢ of the 
illustration. In part e the voltages have returned to their 
original values, following the removal of the input signal. 

For purposes of explanation, the discussion of the ef- 
fects of the input signal and the output voltage has referred 
to only one stage (VIA) of the two-stage direct-coupled 
amplifier circuit illustrated. The operction of the second 
stage (VIB) is identical. It should be noted that the signal 
at the output of the first stage is reversed in phase by 180 
degrees. This is evident from the illustration of the input- 
Output characteristics, where the negative input signal 
produced a positive output signal. An additional 180- 
degree phase reversal is produced by the second stage, 
giving an cutput signal from the two-stage amplifier circuit 
which is in phase with the input signal. 

A very practical application of the d-c amplifier circuit 
is found in its use as a d-c vacuum-tube voltmeter. This 
circuit, utilizing a single triode, is shown in the following 


Vacuum-Tube Voltmeter Utilizing Direct-Coupled Amplifier 
Circuit 


illustration. The voltage to be measuted is applied, through 
a range switch, SW1, to a tapped voltage divider which 
allows several ranges of voltage to be measured. The volt- 
age divider is composed of several resistors, Rl through 
R4, with R4 also serving as the grid resistor for the triode 
d-c amplifier, Vl. Plate load resistor RS, having 9 value 
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of 22K or higher, acts as a current-limiting resistor to pro- 
tect the meter in the event of excessive input voltages. 
Variable resistor R6 functions as a balance control to allow 
the voitmeter to indicate zero volts with no applied input 
voltage. Voltage divider R8, connected across the input 
voltage from the power supply, is tapped to provide the 
proper grid bias and voltmeter balance voltages. When 
variable resistor R6 is adjusted for a zerc voltmeter indi- 
cation with no input signal, the voltage ot point c on voltage 
divider R8 is exactly equal to the voltage at the junction of 
R5 and R6. Now when an input signal is applied, additional 
Plate current flows through RS, R6, and R7, causing the 
voltage at the junction of RS and R6 to drop to a lower 
value, while the voltage at point c on voltage divider R8 
temdins relatively constant. When properly calibrated, the 
meter indicates this voltage drop as the applied input volt- 
age. 

A disadvantage of this direct-coupled vocuum-tube volt- 
meter Circuit lies in its poor stability of calibration. The 
plate current of the tube varies in a somewhat unpredictable 
manner with variations in filament temperoture, age of the 
tube, and variations in resistance of the coupling element 
with temperature variations. These variations are especi- 
ally evident when an attempt is made to read small voltages 
accurately. 


FAILURE ANALYSIS. 

No Qutput. Assuming that a signal whose amplitude 
(either positive, negative, or ¢ combination thereof} is 
within the design limits of the d-c amplifier, is applied to 
the input terminals, the primary couse of no output is a 
defective tube. If the tube is capable of satisfactory oper- 
ation, the cause of a no output condition is obviously an 
incorrect voltage, or lack of voltage, at some point in the 
circuit. Referring to the first illustration (iwo-stage direct- 
coupled amplifier circuit), an open voltage divider R4 would 
cause one or more of the voltage taps to fail to supply the 
required voltage to either the cathodes of V1A or VIB or 
the plate of VIA. As a result, either VIA or VIB would 
fail to operate. An open resistor R2 would remove plate 
voltage from V1A, resulting in no output; a similar condition 
would occur if plate load resistor R3 opened, removing plate 
voltage from V1B. 

Reduced or Unstable Output. Assuming that a satis- 
factory signal is present at the input to the direct-coupled 
amplifier, an open grid resistor R1 would cause unstable 
output, along with intermittent grid blocking, or '‘motor- 
boating."! A change in the supply potentials for any tube 
in o multi-stage d-c amplifier would cause the currents and 
potentials of all succeeding stages te vary. If, for example, 
the arid potential of the first tube varies slightly, the gain 
of the amplifier will cause the current in the last tube to 
vary by a large amount, even to the paint of decreasing to 
zero, or of increasing to an excessively high vatue. In 
either case, distortion will be introduced. A changed value 
of Rd (or portions of R4), or of plate resistors R2 and R3 
would all have the effect of changing the supply potentials 
of the tubes. The amount of unbalance created, and, con- 
sequently, the amount of output distortion, wili depend on 
whether the gain of one or both stages is involved in ampli- 
fying the unbalance. An open or partially shorted filter 
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capacitor Cl, if used, may cause hum or reduced output 
because of inadequate filtering of the input power, +Epp. 

A decreased value of input power, +Epp, due to a defective 
power supply, would also be a cause of reduced output. 


PUSH-PULL DIRECT.COUPLED (D.C) AMPLIFIER, 


APPLICATION. 

The push-pull direct-coupled amplifier (as well as the 
single-ended direct-coupled amplifier) can be used where it 
is necessary to amplify signals having a wide band of tre- 
quencies, especially in the lower-frequency range, which 
may extend down to and include zero frequency (direct- 
current), When, in addition, the requirements demand the 
amplification of a signal which has a larger voltage swing 
above and below a zero voltage level than can be handled 
by the single-ended type, the use of the push-pull direct- 
coupled amplifier is mandatory. One application is in 
certain types of d-c vacuum-tube voltmeters, while another 
is in the signal amplifiers of an oscilloscope that is capable 
of displaying waveforms of various values of direct current. 
The push-pull d-c amplifier is often utilized in the video 
circuitry of radar display systems. In communications, it 
may be used as the amplifier for those teletype mark and 
space signals that consist of two voltage levels of direct 
current. 


R4 
BALANCE 


+t50V DC 


900, 000. 102 AMPLIFIERS 
CHARACTERISTICS. 

The connections between the plates (outputs) of one 
stage and the grids (inputs) of the push-pull d-c amplifier 
ore direct, metallic connections; no intervening coupling 
devices such as capacitors, impedances, or transformers 
are used. 

Amplification of direct-current signals of varying voltage 
levels, as well as signals of very low frequency, is realized 
without distortion and with uniform response. 

Distortion due to differentiation is eliminated; pulse 
signals of large amplitude may be amplified without change 
in waveform. 

Speed of response is practically instantanenus 

input impedance is high; Ciass A operation allows no 
gtid current to flow. 

Relative phase (with respect to ground) of the output 
signal is reversed over that of the input signal when a 
single stage, or odd number of stages, is used. 


CIRCUIT ANALYSIS. 

General. The gain of an ordinary R-C coupled amplifier 
falls off rapidly as the frequency of the input signal is 
decreased below 40 cycles, because of the rapid increase 
in reactance of the coupling capacitor with a decrease in 
frequency. Therefore, the R-C amplifier is unsuitable for 
use in applications which require the amplification of very 
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low frequencies, including zero frequency or direct current, 
without substantial loss of qain. 

The push-pull direct-coupled amplifier is well suited 
for such applications, since the input signal is applied 


, directly to the grids of two tubes, without the use of coupl- 


ing capacitors. Frequency response is flat down to and 
including zero frequency, allowing the use of this circuit 

for amplification of steady-state d-c voltages. The response 
at very high frequencies is limited by the stray capacitances 
in the circuit, which have a shunting effect, similar to that 
of the ordinary R-C coupled amplifier. 

Circuit Operation, The schematic shown above illus- 
trates a typical two-stage push-pull direct-coupled (d-c) 
amplifier. This type of circuit may be found in applications 
such as the deflection amplifiers of radar scopes designed 
for electrostatic deflection, and the siqnal amplifiers 
(vertical-deflection amplifiers) of high-quality test oscillo- 
scopes designed for direct-current waveform analysis. 

The input signal, which may consist of positive or neqa- 
tive pulses, or both, or simply of a positive or neqative d-c 
level, is applied across the grids of VIA and VIB. These 
two triodes may be enclosed in the single envelope of a 
twin-triode such as type 12ZAU7A. Self-bias is provided 
both triodes by means of the common cathode resistor, R3, 
in combination with potentiometer Rd, which provides a 
balance control for use in equalizing the gain of VIA and 
VIB. Plate voltage of a medium value (+150 volts) is 
applied through plate load resistors R5 and R6. Variable 
resistor R7 functions as a qain adjust control, and fixed 
resistor R8 connected in series with it sets the low limit 
for the variable value of the total resistance between the 
two triode plates. This combination, R7 and R8, affords a 
relatively simple means, from the standpoint of circuit com- 
ponents, of adjusting the over-all gain of the amplifier, and 
thereby the amount of vertical deflection in oscilloscope 
applications. Resistot R8 should have a minimum resistance 
value on the order of 1.5K, in order to maintain this minimum 
value of resistance as a plate-to-plate load when R7 is ad- 
justed to its zero-resistance position. As R7 is adjusted 
from its maximum value, toward zero resistance, loading 
of the signal output from VIA and V1B is increased, reach- 
{ng a minimum value when R7 is adjusted to remove its 
resistance from the circuit. The maximum positive and 
maximum negative excursions of the signa! to be amplified 
may thereby be adjusted, while maintaining the over-all fre- 
quency response of the amplifier. 

The amplified output signal from the plates of both 
triodes, VIA and V1B, is applied directly to the grids of 
the second stage triodes, V2A and V2B. Since the qrids 
of the second stages are at the same positive potential as 
the plates of the first stage (some value less than +150 volts 
due to the voltage drop through RS and R6), the cathodes of 
V2A and V2B must be ploced at a somewhat greater poten- 
tial than +150 volts (above ground), in order that the grids 
may be properly biased, i.e., neqative with respect to 
cathodes. In this circuit, which utilizes self-bias, this is 
accomplished by the use of a large value of cathode resist- 
ance, composed of potentiometer R9 and resistors R10 and 
R11. Potentiometer RQ serves as a balance adjustment to 
equalize the gain in both halves of the second stage; in this 
application, it serves to ‘'position’’ the waveform under 
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observation on the oscilloscope screen. The bias on the 
cathodes is adjusted by means of variable resistor R11, 
while the total resistance of the combination R9, R10, and 
Rll establishes the total bias voltage at the cathodes of 
V2A and V2B. This relatively large value of cathode resist- 
once, which amounts to approximately 12K, would introduce 
deqeneration into the circuit, resulting in a decrease in 
qain, if this were an unbalanced (single-ended) stage. In 
this (push-pull) circuit, however, the degenerative effect of 
one half of the circuit at any instant immediately cancels 
an opposite effect of the other half of the circuit, and no 
loss of qain occurs. Conversely, any tendency toward an 
unbalance in one half of the circuit introduces deqeneration 
which acts in opposition to the initial tendency, thereby 
keening both halves of the circuit balanced. Such a tendency 
toward an unbalanced condition might be caused by circuit 
drift, due to unequal cathode emission in the two triades, 

Plate valtage for the second stage triodes is applied, 
from a considerably higher voltage source than that of the 
first stage, through plate load resistors R12 and R13. 
Although an applied voltage of +400 volts, dc may appear 
to be excessive, it should be noted that the actual voltage 
at the plates of VIA and V1B cannot exceed 250 volts 
positive with respect to the voltage at the grids, under any 
conditions (within Class A operating limits). Under normal 
overatina conditions. with plate current flowing, the voltaae 
at the plates will be considerably less than 250 volts 
positive with respect to the qrids, due to the voltage drop 
in the plate load resistors, assuming that similor tubes are 
used in both stages (V1 and V2) with similar plate load 
resistors, and that no input signal is applied. 

In the circuit illustrated, capacitors C1 and C2 ate used 
in a compensation circuit; Cl connected between the ouput 
plate of one half of the circuit and the input arid of the 
opposite half, and C2 connected between the output plate 
of the second half of the circuit and the input arid of the 
first half. These capacitors are of very low value of 
capacitance, such as 0.5 mmf, and function to allow posi- 
tive (in-phase) feedback of the high frequencies only, leav- 
ina the mid-frequency and low-frequency response unaffected. 
When the proper values of capacitance are used (these values 
vary with the values of plate resistance, operating voltages, 
and tube types), the response of the over-all circuit, which 
normally drops off with increasing frequency, may be main- 
tained flat to a considerably higher frequency than would be 
possible without this compensation. The value of capaci- 
tance used is somewhat critical, in that if the capacitance 
is too high the amount of positive feedback will be exces- 
sive, resulting in oscillation and severe frequency distortion. 
In addition to maintaining the high-frequency response over 
an extended ranqe, the use of hiah-frequency feedback 
offers an additional advantage: When direct current input 
waveforms are being amplified, in the case of the circuit 
illustrated, the extended high-frequency response acts te 
decrease the rise time of the leading edge of the input wave- 
form. If, for instance, the input waveform is a direct current 
whose voltage increases instantaneously (the leading edae 
of a square wave) from one value of voltage to a more posi- 
tive value, this perpendicular wavefront will be found, upon 
analysis, to be composed of an infinite number of frequen- 
cies. If all of these test frequencies could be passed by 
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the amplifier circuitry, the output would be a perfectly per- 
pendicular wavefront, as shown by | in the following illus- 
tration. Since no amplifier can pass frequencies which 
approach infinite values, without attenuction, the output cf 
the amplifier will not be a waveform whose wavefront i: 
perfectly perpendicular. Instead, the wavefront will begin 
iv slupe Gway from the perpendicular, causing on i 
tise time, as shown by 2 in the illustration. As more and 
more of the high frequencies are attenuated by the ampli! 
circuitry (stated in another way, as the amplifier becomes 
more inferior in its high-frequency response), the sloping 
of the wavefront away from the perpendicular increases. 
Thus the originally perpendicular wavefront now becomes 
markedly sloped, with rounded comers as illustrated by 
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Another typicoi circuit illustrating the u 
pull direct-coupied ampiitier is given i u 
illustration. Here, a voltmeter M having a zero-centet 
scaie is used In a vacuum-tupe voilmeter lotteeres 
to indicate ony unbalance between the Inputs te two halves 
ol the push-pull circuit, and the i 
such anbolance: The input J 
able a comparison to be made between input A and B. The 
two direct-coupled triode amplifiers, V1 and V2, are con- 
nected in two legs of a bridge circuit, with the two input 
voltages to be compared applied to the grids of V1 and V2, 
respectively. The grids are retumed through gtid resistors 
Rig ond R2 tod negative tived mas voltage. & 
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V2 and resistors Rl and R2 properly matched, and no in~ 
put signal applied to input A or input B, the circuit is per- 
fectly balanced and no difference of ae across the 
plotes of V1 and V2 will be indicated by voltmeter M. This 
results from the fact that equai currents Howing through re 
sistors R3 and R4 will give equal voltage drops across R3 
and R4, and identical voitages will be present at the pines 
ef both tubes. When a signal is applied across input A, 
the grid of V1 becomes more (or less) positive than the grid 
of V2, depending upon the polarity of the applied signal. 

If the input signal is positive, the more positive gfid ot Vi 
couses an inctease in plate current through R3, weatlngy, 

an unbalance in the output heute nS a tesuilt, ate in- 
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Circuit enly if this tube is a twin-type, and then only if 
both halves become defective at the same time. Referring 
to the first illustration (typical two-stage push-pull direct- 
coupled (d-c) amplifier), if VIA and V1B are the two halves 
of a twin-triode such as a type 12ZAU7A, and if the VIA 
section of the tube should become defective, the V1B 
section will still operate to furnish a reduced output. In 

a similar manner, the failure of any single resistor in the 
Plate or grid circuits would not be a cause of a no-output 
condition, becouse the other half of the circuit would con- 
tinue operating. However, if common cathode resistors 

R3, R10, o Ril should become open-circuited or if the 
plate power supply to either stage (+150 VDC or +400 VDC) 
should fail, there would be no output. 

Reduced Or Unstable Output. Assuming that a satis- 
factory signal is present at the input to the push-pull 
direct-coupled amplifier, a number of conditions could con- 
tribute to a reduced output, which ordinarily would be a 
cause of a no-output condition in a single-ended amplifier. 
The failure of a single section of a twin-triode, or of a 
single triode where single-triode type tubes are used, 
would cause a reduced output, as discussed in the previous 
Paragraph. An ‘‘open’! in any grid or plate circuit would 
also cause reduced autput, because the other half of the 
circuit would cantinue to operate. The output, however, 
would probably be distorted, because either the positive or 
negative half of the input signal would be cut off. If either 
balance control R4 or position control R9 should become 
open-circuited ot some point of rotation, an erratic output 
would be obtained when the control is operated across the 
point where the ‘open’! exists. A simple misadjustment 
of R4 or RQ, or of bias adjust contro! R11, with all other 
components operating normally, would contribute toward an 
unbalance which might result in reduced or distorted out- 
put. If capacitors C2 ot C3 should change in value or be- 
come shorted, the circuit would become unstable and possi- 
bly go into oscillation. In this particular circuit, which is 
self-biased, a reduced value of plate voltage caused by a 
defective power supply would, in all probability, only re- 
sult in a somewhat reduced output, the quality of which may 
remain acceptable. If, however, a citcuit which employs 
fixed bias should operate with reduced plate voltage, the 
output might be distorted, in addition to being reduced in 
value, 
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APPLICATION. 

The deflection amplifier is used to amplify the signals 
before they are applied to the deflection plates of an elec- 
trostatic-deflection type of cathode-ray tube or to the de- 
flection coils of an electromagnetic-deflection type 
of cathode-ray tube. Two separate amplifiers are assoc- 
ited with each cathode-tay tube: the horizontal deflect- 
ion amplifier, which normally amplifies the horizontal 
sweep signals, and the vertical deflection amplifier, which 
normally amplifies the input waveform to be displayed on 
the screen of the cathode-ray tube. 
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CHARACTERISTICS. 

Horizontal Deflection Amplifier. Input impedance is 
high; loading of the preceding horizontal generator circuit 
is thereby prevented. 

Input capacitance is low; attenuation of high frequen- 
cies is thereby prevented. 

High-frequency response is good, but not generally as 
good as the response of the vertical deflection amplifier. 

Bandwidth usually covers 10 cycles to 100 kc; certain 
applications may require a range of ] cycle to S00 ke; other 
applications (such as fixed sweeps of radar deflection) may 
require only a limited range in bandwidth. 

Output impedance depends on intended application: im- 
pedance is high if amplifier is designed for voltage (elec- 
trostatic) deflection; impedance is relatively low to match 
the impedance of deflection coil if designed for current 
(electromagnetic) deflection. 

Gain of the amplifier depends on application; the gain 
is usually lower than that of the vertical deflection ampli- 
fier, because the sweep generator output normally feeding 
the horizontal deflection amplifier is ordinarily higher and 
more constant than the input signal feeding the vertical de- 
flection amplifier. 

Balanced output (push-pull) is desirable, to prevent 
distortion caused by unequal amplification of positive and 
negative signals. 

Vertical Deflection Amplifier. Input impedance is 
very high; loading of the preceding astput circuit, with the 
consequent waveform distortion, is thereby prevented. 
(Special applicatios may require a low input impedance, 
which must then be matched to the source impedance of the 
input signal.) - 

Input capacitance is very low; attenuation of high-fre- 
quency components of input signal is thereby prevented. 

High-frequency response is very good; application gen- 
erally demands o better response than that of the horizon- 
tal deflection amplifier. 

Bandwidth usually covers 10 cycles to 1 megacycle; 
certain applications may require a range of 2 cycles to 10 
megacycles; other applications may require a range which 
includes zero cycles (direct current), but ot the same time 
they may require only a limited high-frequency response. 

Output impedance depends a the intended application, 
in the some monner as in the horizontal deflection amplifier. 
The impedance is high if the amplifier is designed for 
voltage (electrostatic) deflection; it is relatively low and 
must motch the impedance of the load (deflection coil) if 
the amplifier is designed for current (electromagnetic) de- 
flection, 

Gain of the amplifier depends on its intended applica- 
tion: it must be sufficient to produce a pattern of acceptable 
size, on the particular cathode-ray tube used, from the 
smallest (voltage) input signal required to be displayed on 
the screen. 

Balance output (push-pull) is desirable~more so than 
in the horizontal-in order to reduce patter distortion and 
beam defocusing, Since the input signal to the vertical de- 
flection amplifier is generally much lower in amplitude than 
that of the horizontal input signal, the amount of gain re 
quired of the vertical amplifier is generally higher, and 
hence the possibility of distortion is also higher. 
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CIRCUIT ANALYSIS. 

General, A deflection amplifier is intended to accept, 
as an input, a signal whose waveform may be simple (as in 
the case of adirect-current waveform) or exceedingly complex 
{as in the case of several fundamental frequencies in com- 
bination with a multitude of their harmonics), amplify it, and 
original waveform remains un- 
is c horizontal de- 
flection amplifier is required to increase the amplitude of 
the sawtooth sweep waveform, in order to praduce suffi- 
cient horizontal deflection. In radar displays of certain 
types, a triangular type of sawtooth waveform is used for 
a horizontally swept timebase. An amplifier intended for 
use as a vertical deflection amplifier is required to in- 
crease the amplitude-sometimes TO enoMmuLs PUpOrigins= 
of almost any type of waveform. Since the requirements of 
the vertical deflection amplifier are generally more strin- 
gent than those of the horizontal deflection amplifier, in- 
sofar as gain, bandwidth, and trequency tesponse are con- 
cerned, the following discussion will be particularly appli- 
cable to the amplifier intended for vertical deflection, 

The most complex waveform which may be required to 
be amplified is a perfect square wave. Such a wave con- 
tains a fundamental frequency and an infinite number of 
odd harmonics. It has zero rise and decay times, and a per- 
fectly flat top and bottom. The voltage changes from a 
maximum positive value to a maximum negative value in- 
stantaneously. In order to amplify a waveform containing 
an infinite number of harmonics, without distortion, an 
amplifier having an infinite bandwidth would be required. 
Such a waveform and such an amplifier do not exist, for the 
following reasons; Any change in valtage, no matter how 
abrupt, requires a certain amount of time to occur. The pre- 
sence of shunt capacitance, which in some amount is al- 
ways present in a circuit, causes the rate of change of 
voltage to be further reduced, This results from the fact 
that the voltage across a capacitor cannot change instan- 
taneously. In addition, every amplifier, no matter how 
caretul the design, introduces some degree of distortion, 
which deteriorates the (perfect) square wave. 

In actuality, the square wave applied to a vertical 
amplifier contains several hundred (rather than an infinite 
number) odd harmonics, The illustration below shows the 
output waveforms from amplifiers in which the high-freq- 
uency resbonse was purposely restricted. The input to 
the amplifiers, in each case, was a “perfect! square wave, 
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frequencies as high as the one-hundredth harmonic of the 
fundamental, while in C the output contained over five- 
hundred hamonics. In order to reproduce a square wave 
with reasonable fidelity the vertical deflection amplifier 
should have a bandwidth sufficiently wide to pass the 
tenth odd harmonic of the fundamental frequency. Note 
that this is a frequency which is 21 times the fundamental. 
More accurate reproduction of the input waveform requires 
a bandwidth wide enough to pass the fortieth odd harmonic 
(81 times the fundamental) of the fundamental frequency. 

A waveform having a very short time duration, such as 
atiming pulse, requires a different method of calculating 
the minimum high-frequency tesponse required of the de- 
flection amplifier, The minimum upper limit of response 
required is inversely proportional to the pulse duration, as 
follows: 


1 
ew = 
whete: fmax = required minimum upper limit of ampli- 
fier response, in megacycles 
d= pulse duration, in microseconds 


As an example, a |-microsecond rectangular pulse re- 
quires a minimum frequency response which is uniform up 
to l megacycle. A 1/4-microsecond rectangular pulse re- 
quires a minimum frequency response uniform up to 4 meqa- 
cycles. 

In addition to pulse duration, the high-frequency re- 
sponse requirements of the vertical deflection amplifier 
also depend upon the rise time of the pulse to be ampli- 
fied. The rise time is the time required for the pulse to in- 
crease from 10 percent to 90 percent of its maximum ampli- 
tude. The shorter the rise time required, the higher the 
frequency response of the vertical deflection amplifier 
must be ta reproduce the waveform, 

Finally, in order to accurately reproduce the original 
waveform in the amplified output, the vertical deflection 
amplifier must have an absolute minimum of phase shift. 
That amount of phase shift which is present must be pro- 
portional to the frequency of the component frequencies of 
the input waveform. As an example, suppose a complex 
waveform which is composed of a fondamental sine wave 
plus its second) harmonic is applied to the verti al deflect- 
amplifier, Suppose, further, that the am 
the fundamental by the intervai of time equal to one-quarter 
cycle. In order to preserve the oridinal waveform, it is 
necessary that the second harmonic be delayed by an equal 
Lat e telationship between 
the fundamental and the second harmonic. In order to ob- 
tain the same interval of time delay, the second harmonic 
must be delayed by one-half cycle. A third harmonic, it 
present in the input waveform, would have to be delayed by 
three fourths of a cycle. By this means a linear phase 
shift is produced in which the angular deyiee of phase 
shift is directly proportional to the frequency ratio of the 
harmonic to its fundamental. 

Circuit Operotion. 
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Typical Deflection Amplifier Used for Vertical Deflection 


tailed discussion on actual circuits used as deflection 
amplifiers will be found in the two amplifier circuits to 
follow: Voltage Deflection Amplifier ond Current Deflection 
Amplifier. 

The circuit illustrated is actually a simple paraphase 
amplifier, which is used to produce two output vdtages, 
equal in amplitude and opposite in phase (polarity), Since 
SO volts per inch is a common deflection sensitivity for 
cathode-ray tubes, and since the gain of the stage (V1) 
is less than one, the amplitude of the input signal to this 
stage should be on the order of 50 volts, The input signal is 
applied through coupling capocitor Cl to the grid of the 
deflection amplifier tube, V1. The grid is returned to cath- 
ode through grid resistor Rl. Plate voltage is applied 
through plate load resistor R4, and the cathode is biased by 
means of R2, which is bypassed by C2, The values of R3 
and R4 are equal, and the same current passing through 
them will produce signals which are equal in amplitude 
but opposite in phase (polarity) at the plate and cathode. 
These two outputs, which provide push-pull deflection, 
are coupled, through C3 and C4, respectively, to the 
vertical deflection plates of cathode-ray tube V2. Equal 
deflection above and below a zero-voltage base line is 
provided by a centering control network consisting of dual 
control R5/R6, and resistors R7 and R8, which are by- 
passed by C5 and C6, respectively. Capacitors C5 and 
C6 insure that any electrons striking the deflection plates 
will be removed, to prevent a negative charge from build- 
ing up. If a positive pulse of short time constant is applied 
at the input to the circuit, to Cl, the output at the plate of 
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V1 will be an inverted, or negative pulse, which is shown 
at the top plate of cathode-ray tube V2 as a pulse below 
the reference voltage. The output at the cathode of V1 
will be an upright, or positive pulse, which is shown at the 
lower plate of V2 as a pulse above the reference voltage. 


FAILURE ANALYSIS. 

No Output. If a signal having an amplitude within the 
input limits of the deflection amplifier is applied to the in- 
put terminals, a detective tube is the most probable cause 
of a no-output condition. An open coupling capacitor Cl, 
a shorted grid resistor Ri, on open cathode resistor R2 or 
R3, or an open plate resistor Rd would also be responsible 
for no output, as would also a power supply failure. 

Reduced or Unstable Output. In the typical circuit 
illustrated, the failure of a component is more likely to 
cause a reduced, distorted, or unstable output, rather than 
no output whatsoever. A leaky coupling capacitor C1 or 
a change in value of any resistor would contribute to a re- 
duced or unstable output. If cathode resistor R2 or R3 
changed in value, the outputs from the plate and cathode 
would be shifted from the designed center (which may 
of may not be at ground potential, depending upan the de- 
signed application), and the output would be shifted with 
respect to the zero reference. If shifted too far, peak dis- 
tortion may result. A similar condition would occur if re- 
sistor R5, R6, R7, or R8 became either open-circuited or 
changed in value, or if capacitor C3, C4, C5, or C6 became 
leaky. If capacitor C3 or C4 became open-circuited or if 
capacitor C5 or C6 became shorted, one half of the normal 
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output signal would be removed from the cathode-ray tube, 
which would then display only the positive or the negative 
portion of the signal, depending upon the half of the circuit 
which continued to function. 


VOLTAGE DEFLECTION AMPLIFIER (FOR ELECTRO- 
STATIC CRT). 


APPLICATION. 

The voltage deflection amplifier is used to amplify the 
input signals before they are applied (normally) to the ver- 
tical deflection plates of an electrostatic-deflection type of 
cathode-ray tube. It is also used to amplify the output sig- 
nals of a sweep generator, before they are applied as « hor- 
izontal sweep voltage to the horizontal deflection plates of 
an electrostatic-detiection CAT. 


CHARACTERISTICS. 

Horlzontal Deflection Amplifier. Input impedance is 
high, thereby preventing any loading of the preceding hori- 
zontal generator circuit. 

Input capacitance is low, thereby preventing the at- 
tenuation of high frequencies. 

High-frequency response is good, within the design 
limits of the amplifier (which in many cases are more re- 
stricted than those of the vertical deflection amplifier}. 

Low-frequency response is good, but only in exceptional 
cases do the requirements demand response down to zero 
frequency (direct current}. 

Bandwith depends on application design: usually 
covers a range of approximateiy 10 cycles to 100 kc; spe- 
cial applications may require a range of 1 cycle to S00 ke; 
other 4y reguire.only a limited range, as in 
the switch-selected fixed sweeps used in radar deflection. 

Output impedance is high, since no current need be 
supplied to the deflection plates of a CRT. 

Goin depends on application desi as arule itis te 
lotively high, but not as high as that of a vertical defiect- 
ion amplifier, because the input to the horizontal deflection 
amplifier is usually furnished by a sweep generator having 
am output level of appreciable value. 

Balanced output, furmished by a push-pull type circuit, 
ig desirable, in order to obtain a uniform deflection field, 
and avoid pattern distortion and defocusing effects inherent 


due te loa utput v 
signai to be displayed on the CRT. (Specrai applications 
rea low value of input impedance, which must 

ince impedance ot tne input siq- 


nal. Normally this would oc 
amplitier is permanently conn 
This would not be true in the case of a deflection am 
na test oscilloscope, which must function with wide- 
ly yenig source pedomites.) 

Input capacitance is very low, thereby preventing the 
attenuation of the high-frequency components of the input 


Hinh-f wey restonse is very cood, generally 
High-fequeicy tesponse is very good, generatly 


better than that of the horizonidi dewection amipiiuci. 
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Bandwidth depends on intended application; usual 
range is 10 cycles to 1 megacycle. Test oscilloscopes 
of high quality may have a vertical amplifier bandwidth 
covering 2 cycles to 10 megacycles. Other applications, 
such as oscilloscopes designed for use in teletype and 
audio work, may require a range which includes zero 
cycles (direct current), but they may require only a limited 
Tange in ihe higher fequencies. 

Output impedance is high, since only a potential dif- 
ference (no current) is required by the deflection plates of 
a cathode-ray tube. 

Gain is usually high, and a gain control is usually 
included in the circuit, calibrated both in step and 
vernier values of voltage gain and/or decibels. 

Balanced output (push-pull) is desirable-more so 
than in the horizontal! deflection ampiitier, bec 
the gain required of the vertical deflection amplifier is 
usually much higher than that of the horizonta! amplifier, 
in order to obtain a uniform deflection field and reduce the 
eifects of beam defocusing and pattern distortion. 


CIRCUIT ANALYSIS. 

Generol. The most versatile voltage deflection 
amplifiers are those used in the horizontal and vertical 
deflection citcuits of high-quality test oscilloscopes. For 
this reason, the discussion that follows will be directed 
toward this application. In this way, circuitry peculiar to 
other applications will, in most cases, be included in this 
discussion as a matter of course. 

A horizontal (voltage) deflection amplifier is designed 
to amplify the signa! 
apply the amplified (sawtooth waveform) signais to the 
horizontal deflection plates of an electrostatic deflection 
type of cathode-ray tube. The sawtooth sweep voltage is 
applied to the grid of the amplifier tube through a poten— 
tiometer, which affords control of the amplitude of the 
signal used as the horizontal time base. This control is 
normally front-panel mounted and captioned HORIZONTAL 
AMPLITUDE. In order to amplify a sawtooth waveform of 
voltage whose frequency may be {in a test oscilloscope) 
switch-selectable to a range which may include 10 cycles 
and 50 kc as the low and high limits, respectively, the 
high~frequency response must be maintained up to 350 ke. 
The reason such high-frequency response is required is 
that, in order to reproduce a sawtooth waveform without 
appreciably distorting it, it is necessary to pass all 
frequencies up to the seventh harmonic ©! : 
frequency of the sawtooth wave. Thus, to 
sawtooth wave, G minimum bandpass up to 
this value is required. 

A vertical (voitaye} 


eraton pond, 


extreme - a squate wave whose fundamental frequency in 
itself is relatively high. In order to pass a signal of zero 
frequency, @ i is the only choice. 

in otder to pass a si reasonable fidelity, 


odd harm 
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times the fundamental. Therefore, the over-all bandpass 
tequired of the vertical amplifier has an extremely wide 
range. High-frequency compensation is usuelly included 
in the circuit, in order to extend the high-frequency response 
to the limits required. The gain is usually adjustable by 
means of both coarse’ and 'fine’' controls. The 
coarse adjustment, when provided, usually consists of 
a set of resistance-capacitance networks designed to 
have various degrees of attenuation. The networks of 
tesistors and capacitors are used to maintain the attenua- 
tion of any one network constant over a wide range of fre- 
quencies. The fine adjustment of vertical gain is usually 
a potentiometer, located in the grid circuit of some stage of 
amplification other than the first. Here, it is isolated from 
the critical constants of the attenuation networks (which 
are located in the first stage), and does not vary the input 
impedance presented by the circuit to the signal source. 

In small and inexpensive vertical deflection amplifiers, 
a single output tube is sometimes used. The output signal 
is coupled directly from the plate of this tube to one 
deflection plate of the CRT, while the other detlection 
plate is grounded. This is an unbalanced output, and has 
the following disadvantage: Each time the ungrounded 
deflection plate goes positive, on a peak of signal voltage, 
the average potential of the two vertical deflection plotes 
tises to a considerable value above that of the second 
anode, This causes the electrons in the beam to be acceler- 
ated to a higher velocity than that imparted to them by the 
second anode potential. As a result, the trace brightens on 
positive peaks of the signal, and the beam is not deflected 
as much by a given increment of signal voltage because of 
the higher velocity. Negative peaks have an opposite 
effect, in that they reduce the average potential of the 
deflection plates, decelerating the beam to a lower 
velocity. As a result, the trace is reduced in brilliance on 
the negative peaks, and the sensitivity is increased 
because the beam is deflected more thon it should be by a 
given increment af signal voltage. These effects may be 
eliminated by the use of a balanced, or push-pull, type of 
output circuit. 
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In both vertical and horizontal deflection amplifiers 
of better design, balanced or push-pull deflection is always 
used. In this type of circuit, signals that are equal in 
amplitude and opposite in polarity are applied to both 
deflection plates, neither of which is grounded. The 
positive side of the high-voltage power supply, which is 
connected to the accelerating anode of the cathode-ray 
tube, is grounded. These connections produce ¢ minimum 
difference of potential between the accelerating anode and 
the deflection plates. As a result, two advantages are 
tealized: First, the effect of the accelerating anode 
potential in distorting the deflection field is minimized, 
because of the fact that as one deflection plate is charged 
to a potential which is positive with respect to the acceler- 
ating anode (which is at ground potential), the opposite 
deflection plate is simultaneously charged to a potential 
which is an equal amount negative with respect to the 
accelerating anode. Under these conditions, a line of 
equal potential midway between the two charged plates is 
maintained at the same potential (ground) as that of the 
accelerating anode. This results ina minimum of beam 
defocusing and pattern distortion. The second advantage of 
the positive-grounded connection of the high-voltage power 
supply is that no high-voltage insulation is required 
between the accelerating anode and the deflection plates 
and their associated circuitry. In this respect the problems 
common te high-voltage circuitry, such ds corona and high- 
voltage breakdown, are eliminated from the region of the 
cathode-ray tube which includes the neck, the flared 
portion, and the face (screen), as well as from the output 
circuits of the deflection amplifiers which feed the signals 
to the deflection plates. The high (negative) voltage is 
contained within a small portion of the tube neck at the base, 
wherein are located the filament and cathode, and the 
first anode. 

Circuit Operation. The schematics shown below il- 
lustrate two common types of deflection amplifiers used 
for electrostatic deflection. The first shows a phase 
inverter used to obtain two output voltages, equal in 
amplitude and opposite in polarity, from a single~ended 
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Typical Phase Inverter Used as Voltage Detiection 
Amplifier 


input signal. in this circuit, the input signal, which is 
shown as a positive pulse, is applied through a coupling 
capacitor, Cl, to the grid of a triode amplifier, V1. The 
gtid is returned to ground through grid resistor Rl. The 
amplified output, which is a negative pulse due to phase 
inversion in the tube, is taken from the plate and applied, 
through coupling capacitor C3, to one of the vertical 
deflection plates of the cathode-ray tube, V3. The plate 
voltage is applied through plate load resistor R3 and 
potentiometer R4. The negative output pulse at the plate 
of V1 also appears across R3 and R4, which act as a 
voltage divider. A reduced value of the negative output 
pulse is taken from a tap on the voltage divider by means 
of potentiometer R4 and applied, through coupling 
capacitor C2 and resistor R6, to the grid of the phase 
inverter tube, V2. Resistor R2 serves as the grid return for 


this tube. The output at the plate of V2 is a positive pulse, 


the amplitude of which is exactly equal to (although of 


apposite polarity) the amplitude of the outout of V1, 


provided that potentiometer R4 is properly ‘adjusted to 
furnish the correct value of signal input voltage to the 
qndof V2. This positive pulse output of V2 is coupled, 
ah CA 
gC, 


ened tube, V3. in this manner, equai and opposite 


the other vertica! deflection clate of the 


the other vertical detlection piate ot 
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signals are applied to the two deflection piates, to provide 
a balanced deflection. 

A shift circuit is usually included as part of a deflection 
amplifier for electrostatic deflection, by means of which 
the electron beam of the cathode-ray tube may be positioned 
in the exact center of the screen, or may be moved to any 
desired initial position under conditions of no input signal. 
Although the shift circuit is not, in a strict interpretation, 
actually part of the deflection amplifier (because the 
amplifier furnishes its output at the point of coupling te 
the CRT - at coupling capacitors C3 and C4 in the previous 
schematic), it is usually shown along with the amplifier 
circuitry in order to show the complete load circuit. In 
the illustration shown, the shift circuit {s composed ot 
equal resistors R7 and R8, isolation resistor R19, and 
potentiometer RQ. The bottom deflection plate ct cathode- 
ray tube V3 is fixed at a potential half-way between + 250 
volts and ground, by the voltage-divider action of resistors 
R7 and RR. When the adjustable arm af potentiometer RQ 
is set exactly half-way between the two ends of its resist- 
ance, the voltage at this point - which is furnished through 
isolation resistor RlG to the top deflection plate - will be 


Hen, tne fixed d-c tages applies do ine Lop anid SULLOH 
deflection plates will be equai, and the electron beam will 
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Typical Paraphase Amplifier Used as Voltage Deflection 
Amplifier 


be positioned midway between them. By adjusting the 
movable arm of potentiometer R9 away from its center 
position, the top plate of the CRT may be made positive or 
negative with respect to the bottom plate, thereby 
positioning the beam above or below the center position 
on the scteen. 

The second type of deflection amplifier used for 
electrostatic deflection is the paraphase amplifier, 
shown in the following illustration. In this type of 
circuit a balanced output is obtained from a single-ended 
input signal by means of common coupling in the cathode 
circuit of both tubes, which accounts for the circuit being 
known as a cathode-coupled paraphase amplifier. The 
input signal, again shown as a positive pulse, is applied 
through coupling capacitor Cl to the grid of triode amplifier 
V1, with the grid returned to ground through grid resistor 
Rl. Cathode bias is obtained by means of cathode resistor 
R2, which is common to both V1] and V2. Since R2 is un~ 
bypassed, the input signal at the grid of V1 also 
appears at the cathode, while the inverted signal appears 
at the plate as one output of the circuit. The signal at the 
cathode of V1 is applied, through direct connection, to 
the cathode of V2. The grid of V2 is connected toa 
balance potentiometer which octs as a voltage divider 
between Epp and ground, to furnish the proper bias so that 
the output signal of V2 can be adjusted to equal that of 
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V1. The positive pulse at the cathode of V2 will increase 
the bias, decrease the plate current, and produce a positive 
output at the plate of V2. The output signal at the plate of 
V2 is reversed in polarity from the input signal, as in any 
ordinary vacuum-tube amplifier. But, because the input to 
¥2 is the signal voltage developed actoss cathode resistor 
R2, and because this signal is applied to the cathode of 
V2, which has its grid returned to ground through R5 and is 
thereby at ground potential insofar as the signal is con- 
cerned, the output signal at the plate of V2 has the same 
polarity as the input signal at the cathode of V2 or the 
input signal at the grid of V1. In this way, the output 
signals from the plates of V1 and V2, which are applied ta 
the deflection plates of the CRT, are equal in amplitude 
but opposite in polarity (phase). Resistors RS, R6, and R8 
and potentiometer R7 comprise a shift circuit which allows 
the electron beam to be positioned on the screen of 
the cathode-ray tube as desired, in the same manner as 
described in the preceding typical phase inverter circuit. 
The circuit operation and the schematics given above 
have, for simplicity, omitted the additional compensation 
networks which are often included in specific applications. 
In order that deflection amplifiers do not restrict the 
bandwidth of the input signal, they must have wide 
frequency response, low distortion, and time delay propor- 
tional to frequency, similar to the characteristics of video 
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amplifiers. Compensation circuits similar to those discussed 
under the paragraphs on Video Amplifier Vircuits are used 

in deflection ampliflers, depending upon the amplifier 

design and intended application 


FAILURE ANALYSIS. 
No Output. Assuming that u signal of pmner am 
tude (ond poiarity if th: 


tion amplifier is specifically 
designed for single-polarity pulse operation) is applied to 
the input terminals, o defective tube should first be 


suspected as the cause of a no-output condition. An 


plate resistor on the input side of the circuit (R3 in the. 
illustrations} wouid also result in no output. Components 


peculiar ¢ {oo speci: 
As on 


failure. rT 
ration on ¢ 
R4 became shorted, the high value of plate current that 
would flow through V2 would of course flow through the 
common cathode resistor, R2. As a result, both cathodes 
would be at o high positive potential. The grid of V1 
would therefore be highly negative with respect to its 
cathode, and might possibly be biased beyond cut off. 
No signal output would thereby be abcd 
Reduced or Unstable Output. [n both of tae cypical 

circuits illustrated, a number of conditions could contribute 
to a reduced, distorted, or unstah) 
out-of-phase amplifier tube V2, its picte resis 
output coupling capacitor, if open, would be responsible 
for an output of approximately cne-haif the normai amplitude. 
An open output coupling capacitor from the plate of Vi 
would also result ip ¢.1 output signa! of one-half norma: 
amplitude. A change 2 

Fi weuid change the input thupetnes to the stage: this 
might affect the amplitude and possibly the waveform of the 
input sional, An open-circuited positioning potentiometer 
{ (RS, RS ki t Se phase inverter 


typical paraphase amplifier, if plate resister 


associated tes 


uit; R7, R8 in 


of 
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to the horizontal deflection coils of the deflection yoke used 
with a electromagnetic-detlection CRT. 


CHARACTERISTICS. 
Horizentai Gefiection Amplifier. Input impedance 
high; loading of the preceding horizontal generator 
circuit is theiele prevenied, 

Input capacitance is low; attenuation of high fre- 
quencies is thereby prevented. 

High-frequency response is very good: must be so 
to avoid the possibility of distorting the trapezoidal 


ice a 


deflection coiis. 


COPIES 1S FR, but dues ner waciude 


zero frequency, 


n design: may cover 
but the range ‘s usually 
sore l:mrted because the specitic application normally 
tequites only a lew fixed sweep trequencies. 

Output impedance is relatively low, and must be 
matched to the load {deflecting coil) for moximum transfer 
of current with minimum waveform distortion. This 
Tequirement acts to restrict the bandwidth. 

Gain depends on application design: the current 
gain (power gain) is usually high, but the voltage gain 
may be low -- even less than one. 

Balanced output, furnished by a push-pull type 
circuit, is desirable, in order to obtain a uniform deflection 
&. However, the principal appiications of the eiectro- 
magnetic deflection type of cathode-ray tube, namely, 
rader and television, do not require the precise duplication 
of the input waveform that is essential in the principal 
applications of the electrostatic deflection CRT, namely, 
waveform analysis and complex wave amplitude measurement. 

Vertical Detiection Amplifier, Input impedance !s 
nermelly extremely high, in order to prevent any wave- 
form distortion due to losding effects on the circuit supply- 
ing the input signa. However, since any particular 
application of an electromagnetic deflection type of 
cathode-ray tube normaliy operates with a permanently 
connected input circuit, the input impedance of the 
amplitier may be of a fairly low value, which must be 
metched tc the source impedance of the input siqnal 
ut capacitance i is low, {n order to prevent th 
ts irequenmes 
response is very good: must be sc fn 
exUemety sharp input pulses with- 
out introducing appreciable time delay: 

Lww~irequency response is G00d. nut does nar tnctude 
zero frequency. 
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Gain depends on application design: the current gain 
(power gain) is high, but the voltage gain may be low. 

Balanced (pi:sh-pull) output is desirable, both from the 
standpoint of the high power output with minimum distor- 
tion required for magnetic deflection, and the need for an 
absolute minimum of beam defocusing when pinpoint radar 
target :esentation is required. 


CIRCUIT ANALYSIS. 

General. The deflection of the electron beam in an 
electromagnetic deflection type of cathode-ray tube is pro- 
portional to the strength of the magnetic field set up with- 
in the tube, which is in turn proportional to the value of 
current passing through the deflection coil. Since it is de- 
sirable to deflect the electron beam linearly, the current 
through the coil must increase linearly with time. When 
the end of the sweep is reached, the electron beam must be 
retumed to its starting point quickly. The current wave 
required for electromagnetic deflection must therefore be of 
sawtooth shape if the resultant sweep is to be linear. It 
should be observed that it is the current wave which must 
be of sawtooth shape for an electromagnetic tube, not the 
voltage wave as in an electrostatic tube. 

The deflection coils, through which the deflection am- 
plifier output current flows, consist of wire wound around 
either a non-magnetic core or an iron core. The wire used 
in the coil has, in addition to the desired inductance, some 
amount of resistance. As a result, the sawtooth current 
must flow through the equivalent of « series resistive-in~ 
ductive (R~L) circuit. Since a square wave of voltage will 
produce a sawtooth wave of current in a pure inductance, 
while a sawtooth wave of voltage will produce a sawtooth 
wave of current in a pure resistance, the combination of a 
square wave and a sawtooth wave of voltage is required to 
produce a sawtooth wave of current in a circuit containing 
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both resistance and inductance. Such a combined wave- 
form has the shape of a trapezoidal waveform of voltage, 
This, then, is the waveform which must be amplified by the 
current deflection amplifier. 

Circuit Operetion. The schematic shown below illus- 
trates a simplified typical deflection amplifier for produc- 
ing a horizontal time base using magnetic deflection. The 
input signal, which is a trapezoidal waveform of voltage as 
shown in the illustration, is cpplied through coupling ca- 
pacitor C] to the grid of pentode amplifier V1. The ampli- 
fier is operated as a Class A stage, with fixed bias applied 
from a negative power source. Sufficient negative bias is 
applied to the grid, through grid resistor Rl, to prevent the 
arid from going positive with maximum signal input. The 
amplifier tube, V1, is a pentode or a beam power type, in 
order to obtain the power amplification that is required to 
furnish sufficient current to the deflection coil. This coil 
may require between 50 and 100 milliamperes of current for 
maximum beam deflection, The output of V1 is applied to 
the deflection coil, which in the illustration is represented 
by an inductance, L1, with a resistance, R2, in series 
with it, shown as a dotted resistance because it is actually 
apart of Ll, The output voltage waveform at the plate of 
V1 is trapezoidal; when this waveform is applied to the 
seties R-L circuit (deflection coil), the voltage waveform 
appearing across the resistance is resolved to a sawtooth 
shape, while that appearing actoss the inductance is re- 
solved to a square-wave shape. The square wave of volt- 
age across the inductance couses a sawtooth wave of 
current through it, which is the required waveform for pro- 
ducing a horizontal time base deflection on the screen of 
the cathode-+ay tube. The development of the sawtooth 
current waveform from the trapezoidal vo}tage input wave- 
form is shown in the following illustration. The trapezoid- 
al voltage input waveform to the grid of amplifier Vl is 
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Development of Sawtooth Current Waveform in Deflection 
Coil trom the Trapezoidal Voltage Waveform Input to 
Amplifier 


shown at 4; ditterentiated voltage which appears across 
the inductance is shown at b; the integrated voltage which 
appears across the resistance (of the coil) is shown at c; 
the current drugugh the deflection coil, which is the com- 
posite resuit of waveforms b plus c, is shown at d. 

A second circuit for producing a honzoniai iime base 
for magnetic deflection is shown in the illustration below. 
Tre input signal to this ampliher is a square wave, i 
of the trapezoidal wave required in the previous ee 
This signal is pplied, through coupling capacitor Lovie 
the grid of a pentode or beam power amplifier, Vi, The 
grid is returned to ground through resistor Rl. The posi- 
tive voltage applied to the cathode of V1, from the plate 
supply by means of the voltage-divider action of resistor 
R3 and cathode resistor R2, maintains Vi biased to cutoff 
in the absence of an input signal. When the first positi 
pulse of the inpui square wave reuches the arid, 
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Current (Electromagnetic) Deflection Amplifier Utilizing 
Square-Wove Input 
ually toward a value which would be limited only by the 
resistance of the circuit. Before this limiting point is 
teached, however, conduction of the tube is suddenly inter- 
rupted by the negative-going end of the square-wave input 
pulse, In this way, only a relatively linear portion of the 
exponentially rising waveform is utilized. When the conduc- 
tion of the tube is interrupted at the end of the positive 
square wave, V1 is cut off, aid the current decays rapidly 
to zero, This rapid decay is due te a change in the time 
constant of the circuit between the rise and fall of the 
current. During the rise of current, the circuit time con- 
stant (which is given as inductance divided by resistance, 
ot L/R) is long, because of the large value of inductive re- 
actance (due to the large inductance) and the small value 
of resistance in the circuit. The resistance is composed of 
cathode resistor R? and the low value of plate resistance 
of Vi. During the decay of current, the time constant is 
made short, as a result of the increase in the yoiue of piate 
resistance when vi Stops conducting, fith ine shortened 


time constant, the current decays rapidly. The additionai 


vaiue Of inductance in the cifcuit Gué to inductor wi in+ 
creases the time constant, to produce a slow build-up of 


rates are required. 
The sudden decay in current flowing in the deflection 
coils, when the tube stDps conducting, causes a 
umf, to be produced in the coil which opposes the c 
Tn addition, the circuit may be shock-excited in 
tion by the sadden change in value af current. A 


is high. This condition may result in a nonlinear start of 
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the build-up of current in the coil, and therefore a nonlin- 
ear sweep, as shown in the following illustration. 


INPUT 


VOLTAGE 
WAVEFORM 


OUTPUT 
CURRENT ~ | 


WAVEFORM 


\ a) 


START END 
oF OF 
SWEEP SWEEP 


Undamped Oscillations in Deflection Coil Current 


These oscillations may be eliminated, or damped out, by 
lowering the Q of the circuit by means of a resistor shunted 
actoss the coil. However, this wastes some of the deflec- 
tion current; a more satisfactory method incorporates the 
use of a damping diode shunted across the deflection coil, 
as shown in the illustration below. In this circuit diode V2 
acts to damp out the oscillations in the following manner: 
When the current through V1 is increasing (during the rise 
of the sawtooth, current wave shown in the illustration 
above) to provide the sweep deflection, the voltage at the 
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plate of V1 is lower than the plate supply voltage by the 
amount of voltage drop in the deflection coi! and inductor. 
The cathode of damping diode V2 is therefore more positive 
than its plate, and the diode will not conduct. When the 
current through V1 falls to zero (at the end of the sawtooth 
current wave illustrated}, the voltage at the plate tends to 
tise above the plate supply voltage due to the fact that the 
counter e.m.f. generated by the inductance adds to the plate 
supply voltage. When this condition is reached, damping 
diode V2 conducts, and any ascillations are dissipated in 
resistor R5. 

Balanced output (push-pull) circuits, when used, usual- 
4y operate by means of a phase inverter circuit fed from a 
single-ended source, as described in the previous circuit 
on Voltage Deflection Amplifiers, In some cases in radar 
deflection circuitry, the two outputs obtained by means of 
a phase inverter are separately amplified by individual 
single-ended deflection amplifiers, and then applied to the 
two separate windings of a split-winding deflection yoke. 


FAILURE ANALYSIS. 

No Output. Assuming that a signal of proper amplitude 
and waveform (square wave or trapezoidal wave, depending 
on circuit design) is applied to the input terminals, a de- 
fective tube would be the most likely cause of a no-output 
condition. If the tube is found capable of operation, an 
open input coupling capacitor C] or open grid resistor Rl, 
of open cathode or screen resistors, if used, may be the 
cause of no output. Since a current-deflection amplifier is 
characterized by a relatively high value of plate-current 
flow, a common source of trouble is an open deflection coil. 
If the coil is open-circuited, and the circuit is similar to 
those previously shown under Circuit Operation, the appli- 
cation of screen voltage to the tube with no plate voltage 
present may result in a bumed out tube or poor emission, 
because of excessive screen current. The same condition 
may prevail if the deflection coil is remotely located from 
the amplifier, and the interconnecting cable is inadvertent- 
ly disconnected during operation. No output may also be 
due to failure of the plate voltage supply. 

Reduced or Unstable Output, A change in value of al- 
most any of the circuit components, due to age or partial 
failure, may contribute to a reduced output. If the capaci- 
tance of input coupling capacitor Cl changed or the resis- 
tance of grid resistor Rl changed, the output would be 
affected. If the cathode bypass capacitor (if one is used) 
became either open or shorted, the bias would be changed, 
tesulting in either decreased output due to degeneration 
(if open) or distortion due to no bias (if shorted). If the 
citcuit incorporates fixed cathode bias obtained through a 
voltage divider from the Epp line, an open resistor on the 
Ebp side of the cathode (R3 in the second circuit illustra- 
ted) would interrupt the fixed bias, and the circuit would 
operate with self-bias, which may produce distortion under 
high signal input conditions. A decrease in the voltage of 
the plate supply, due to faulty operation, would also be 
tesponsible for a reduced output. 
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FEEDBACK AMPLIFIERS. 


Feedback amplifiers are divided into two basic types, 
those employing positive feedoack, and those employing 
negative feedback. Positive feedback consists of feeding 
back a portion of the signa! in-phase with the input so-that 
the overall output is incteased because of the feedback. If 
left uncontrolied the additionai output, in turn, supplies a 
proportionately larger input and the cveral! output is further 
increased. This cumulative effect of building up the signal 
amplitude is termed regeneration. sinen the cutput of an am- 
plifier is fed back into the input in a regenerative manner 
the fina] result is to cause the circuit to oscillate at . 


nartic: 


Fr frenuiency or aver a amail range af frequencies, 
[hus the r-t osciliator 1s basically a regenerative teedback 
amplifier, which eventually stabilizes ot some aiax: 
plitude. Generaily spesking, the use of positive feedback ae 
restricted to osci:lators, or special regenerative receivers 
operating at radio frequencies. Its also used sometimes 
at lower frequencies (within the audic range) te supply high 
gain over a single stage of amplification, which is controtled 
by additional stages with negative feedback. 

When the feedback is sade 185 degrees out-of-phase 
with the input-signal so that it reduces the overai. output of 
the amplifier, it is considered to be degenerative and is 
known as negative or inverse feedback. Although the ap- 
plication of negative feedback reduces the gain of the am- 
plitier below that which would normally be obtained without 
feedback, it provides many desirable features. In general, 
it improves the behavior ot the system, and increcses the 
bandwith. It improves the linearity of 
sequently produc ATUL 
tortion, At the same time, the input impedance is increased 
and the output impedance is decreased. Any noise gener- 
ated within the amplifier system itself 1s reduced, but it has 
no effect on any externaily induced n 
of the output is fed back to the input, any change in circuit 
values is in effect automaticaliy compensated for, so that 
the circuit gain is pure. The following graph shows 
the overall frequency re: 
without any feedback, ani 


fea Sean, and one with iS db e neqative fepabacks | AL 


ise. Since a gortion 


amplifier with 
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by reactance effects changing the feedback at these fre- 
quencies from negative to positive. The loss of amplifi- 
cation when feedback is used can be recovered by employ- 
ing additional stages of amplification. In fact, with good 
design it is possible to use o single stage cf positive feed- 
back to provide the lost gain, with the remaining amplifier 
stages using inverse feedback. lyp:cal positive anc nega- 
tive feedback circuits are discussed in the following pare- 


POSITIVE FEEDBACK (DIRECT, REGENERATIVE) 
AMPLIFIER. 


APPLICATION. 

The positive feedbacx 
in audic and :! stages te 
sibte throngh ns 


motifier, 


CHARACTERISTICS . 

Uses self-bias, but fixed bias may also be used if desired, 

Provides the amplification of two or three tues in a 
Je stage. 

A portion ef the output voltage is fed back (in-phase) 
with the input signal. 

Distortion is increased in proportion to the amount of 
feedback, 

Feedback may be accomplisned by resistive, inductive, 
Or capacitive methods, 

Usually only one stage of positive feedback 1s emploved, 

Oscillation may occur at extremely low or extremely 


Kigh Segarnctat becauts.of reastinue otfeate., 


CIRCUIT ANALYSIS. 

General. Because the electron tube amplifier inverts the 
signal in the plate circuit, it is necessary either to use a 
transformer to reverse the phase, or to pass the signal 
through another stage to obtain positive feedback. The in- 
put circuit operates as 9 mixer and adder, with the output 
signal being the sum cf the input signal and the positive 
feedback voltage, multiplied by the gain of the stage. In 
r-f amplifiers, gereral prartice is to couple a portion of the 
plate cutput back te the input through an r-f transformer, and 


to vary the coupling between the two coils mechanically or 


one partion 


ment of positive feedback. it wial serve, however, to il- 
lustrate and describe the basic principles and operation of 


goin and 
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Cathode Coupled Positive Feedback Amplifier 


The two-stage amplifier consists of a triode resistance- 
coupled stage driving a pentode transformer-coupled output 
stage. Capacitor C] and resistor R] form the RC input cir- 
cuit to triode V1. Cathode self-bias is provided by cathode 
resistor R3, and the output is developed across plate resis- 
tor R2. Capacitor C2 and tesistor R5 are the RC coupling 
circuit for driving pentode V2, with cathode bias supplied by 
R6. Both cathode resistors R3 and R6 are unbypassed, 
which normally provides degeneration, However, by con- 
necting the cathode of V2 to the cathode of V] through feed- 
back resistor R4, the positive feedback voltage cancels 

the degenerative effects of cathode resistor R3. Thus, the 
output of V] is increased by the feedback voltage. Resis- 
tor R7 is the screen voltage dropping resistor for V2, by- 


passed by C3. The output of V2 is transformer coupled through 
TI toa loudspeaker or to another amplifier Stage, as desired. 


Assume a sine-wave input signal applied to Cl and is 
passed to the grid of V1, appearing across Rl. On the posi- 
tive excursion of the signal, V] grid is driven in a positive 
direction. The increasing plate current through plate resis- 
tor R2 produces a negative-going output voltage, which is 
coupled through C2 to drive the grid of pentode V2. The 
negative driving voltage appears across R5, and causes the 
plate current of V2 to decrease. The changing plate cur- 
rent through the primary of output transformer T] induces an 
output in the secondary, Screen voltage is obtained by drop- 
ping the supply voltage through R7, which is held at ground 
potential for audio voltage changes by screen bypass capac- 
itor C3, so that the screen voltage remains a constant de 
and is unaffected by the signal variations. When the plate 
current of V2 decteases with the negative driving signal, 
the cathode voltage developed across R6 is negative-going. 
A portion of this voltage is coupled back through feedback 
Tesistor R4 to the cathode of V1. Thus as the increasing 
plate current of V1 causes an increasing (positive-going) 
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cathode voltage across R3, the negative voltage from V2 
cathode cancels it and prevents the input signal from produc- 
ing a degenerative cathode voltage on V1. Thus instead of 
the instantaneous bias on V] increasing it is held ot the 
same level, or even slightly decreased by the negative feed- 
back voltage from V2 cathode. When the feedback is made 
sufficient to produce a slightly decreasing bias on VJ, the 
output voltage is increased by this positive feedback. The 
effect is as though the grid input signal were increased. 

On the negative-going portion of the input signal the op- 
Posite action occurs. The negative swinging grid voltage 
causes V] plate current to decrease, and produces a smaller 
bias across cathode resister R3. At the same time, the 
plate voltage of V] becomes positive-going and drives V2 
grid in a positive direction. Thus the plate current of V2 is 
increased, and a higner cathode voltage is developed across 
V2 cathode resistor R5. This positive voltage, in turn, is 
fed back through R4 to the cathode of V1, which ‘s the same 
as increasing the bias, or applying a larger negative-going 
input signal. The plate output of V1, therefore, is greater. 
Since R4 is larger than R3 and R6, the cathode voltage de- 
veloped across R3 has little effect on V2. Because of the 
feedback arrangement, the output resistance (plate resist- 
ance) of V2 is decreased to a lower value and Jess turns are 
needed on T] to produce an appropriate output match, and a 
large power output is developed. The reduced turns on T] 
produces a reduction in total capacitance between turns and 
increases the effective high frequency response over that 
which would normally be obtained. 

Circuit Variations, A typical positive feedback circuit 
using a tapped output transformer to supply voltage feedback 
over a single stage is shown in the accompanying schematic. 


OUTPUT 


Transformer Coupled Positive Feedback Amplifier 


From an examination of the schematic, it is seen to be a 
conventional audio amplifier, with a resistance coupled in- 
put and transformer coupled output, except for the special 
feedback provisions. This consists of current limiting re- 
sistor R2 in series with V] grid, and the feedback arrange- 


6-A-40 


/fe 


ie 


ELECTRONIC CIRCUITS 


NAYSHIPS 


aA and C5 cennected fron, 
trier back te the gr:c of te T] secondary 
is wohl a similar arrangement may be produced by using 
an untapped secondary with a resistive fg 

t. 
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increased and the output likes 
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Fal cutrent snr the eet 
qo fi ‘which is pnased by re 
ng tne winding to pe a j Signal, anc 3 portion 
cf this voltage is fedback through R4 and C5 to enhance the 
heygutive swingiiy ingut signal und further decrease the cut- 

put. By using capacitor C5 the feedback becomes phase 
controlled, The lurger the feeaback cupaciter, the greater 
tne etfect on low frequencies, while 44 acts as an attenuator 
and a pnase shifting resistor, Witn proper proportioning of 
these parts the teeapeck 12 stabil 
veloping into negative cages 


TS- 


ed ond crevented fram 


(pecause of excess 


ALGER used alone tends to 
is usually combined yn 
pilfier stages to accom: 


ei distetime, 


steuse distifuon, i 
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inst the increase of gein with re- 
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Low Output. Low screen or plate voltage will produce 
a low cutput. Cneck for proper plate, pias, and screen velt- 
age witn a vcitmeter, Too high c bias caused by heavy 
Plate current from an external snort or defective ture wii 
be tc cpercte near saturation or cutoff and re- 

output accsidingly, ally with noticeable dis- 
edpace resistor kd opens degeneration wil 
cause 2 reduced output. If C2 is leaky, the bias on V2 grid 
! positive and the tuse will de heis in heavy satu- 
fation producing little or ne output. 

Distorted Output. With positive feedback :t 1s normai for 
greater distoron to occur than for the same stage without 
feedtack, unless compensated fur by a later stage using neg- 
ave feedbacs. Excessive distortion con be caused py 
deh Voltages ot by anproper feedback velt- 


y even be ascisiation occuring at extremely 


duw pute oF Si 


age, Tnere 7 


se “1 
circus! ane note 
cneck the cssociated parts, 


NEGATIVE FEEDBACK (INVERSE, DEGENERATIVE) 
AMPLIFIER. 


APPLICATION. 


Negative feedback is used in speech ampliliers, modu- 
siors, and high-fidelity sound systems to improve the over- 
el response and stabilize the gain, 


CHARACTER STICS: 
bias, but fixed bias may alse be used, if 


Usuaiiy requites an additional stage a more of ampiis 
fication to make up tor the loss produced by negative iced- 
hack 


Y FOROn of the output voltage is fed back vut-ui- phase 


With the input signal. 


hstortien is decreased in propertion to the amount of 


deeabact Z 


gt extrerély iow or high fre- 
se shifts causing the teed- 
istead of negative. 


on aA within the amplifier is 


bacs to Change to positive 


geof 


£30 Inat circuit Jain is stabilized and cperation is im- 


vowed. 


CIRCUIT ANALYSIS, 


© many methods of developing nead- 


suuily not wete inun three). 
nee tne isedpeck ust aiways be degenerative, and odd 
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number of stages are usually used. Either veitage or cur- 
tent feedback may be employed. Although the circuit 


usually arranged so that the feedbac complished in 
series with the input signal, it may be connected in sh: 
1f desired. 

The accompenying block diagram shows the manner in 
which feedback is normally accomplished. 


ein ef + enten 


AMPLIFIER 
ue 


FEEDBACK 
NETWORK 8 


OUTPUT 


I 


Typical Inverse Feedback Arrangement 


The total output veltage is made up of two ports: that re- 
sulting from the input voltage ein and that tesulting from 
the feedback input Beo. The first part consists of funda- 
mental output ef which is equal to pein, plus harmonic and 
intermodulation distortion components eh, plus any noise 
en generated within the stage. The sum of these compo- 
nents is the total output eo, which would normally exist 
without feedback, With feedback voltage Beo applied to the 
input, the second part of the output voltage is pBeo, which 
contains a portion of all the three previously mentioned com- 
Fonents, plus new harmonic and intermodulation distortion 
Components. Since the feedback opposes the normal signal, 
the noise and harmonics are reduced by the inverse feedback 
to a negligible value, and the fundamental output is also 
reduced, Mathematically it can be demonstrated that both 
the fundamental, harmonics, and noise are reduced by the 
factor 1/1-yB, where pB is the feedback factor, 

Circuit Operation. The accompanying schematic shows 
a typical two-stage tiode inverse feedback amplifier. 


3 Be 


=e 


2 
3 


“a: 


Two-Stage Triode Negative Feedback Amplifier 
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n, Viana V2 f a con- 
gied amplifier chain, using 

et in the final stage. The negative feed- 
n series with the cathode bias resistor of 

i a voltage divider consisting of F6 end 87 con- 
nected across the secondary of the output transformer. When 
d positive input signal is applied, it passes through Cl and 
appears a resistor Rl, driving the gnd of V] ina 
positive direction and increasing plate current flow. The 
increased piate current flow through plate resister R3 causes 


a. hich vANG 
voltage through C3 slifier V2. For 
the ent, a: me thet Vi cathode resistor, R2, is 


grounded, so that only the d-c bias developed by average 
current flow appears, Since R2 is bypassed by C2, any in- 
stantaneous chanyes in signal current have no effect on the 
bias and tuil tube amplification ts obtcined. With the neaa- 
tive driving voltage from V] appearing across grid resistor 
R4, V2 plate current reduces, and the reduction ef current 
through the primary of T} induces an output voltage into the 
secondary winding of the output transformer. V2 is also 
cathode biased, with average plate current flow through RS 
developing the d-c bius, and is bypassed by C4 so that the 
signal variations have no effect on bias voltage. With the 
positive side of the T] secondary connected to voltage 
divider 26 and 7, a positive-go:ng portion of the output 
veltage taken across R7 is applied in series with cathode 
Tesisto! of tube V1 (R2 is grounded through R7). Thus, 
this small portion of positive cutput voltage instantaneously 
increases the cathode bias, reducing the output accordingly. 
When the input signal goes negative the opposite action 
ensues, a negative output voltage is developed acress the 
feedback voltage divider, and is cpplied V1 cathode to de- 
crease the bias and increase tne output. In both instances, 
the feedback voltage acts in opposition to the normal effect 
of the input signal, just as if a voltage 180 degrees out-of- 
phase with the input signal was inserted on the grid of V1. 
Since the feedback veltage is only a fraction of the input 
(about one tenth), the input signal is only slightly reduced, 
but the additional amplification obtained through the gain 
of the amplifier increases the amount of feedback voltage 
in the plate of the output stage. Thus, the overall gain is 
considerably reduced over what it would normally be without 
feedback. The net effect is to flatten out the amplifier re- 
sponse curve so the gain at lew, mid-band, and high fre- 
quencies is abeut the same. Hence witha {latter response 
greater fidelity is obtained. Any hum produced by the final 
amplifier supplies a correcting feedback voltage which ef- 
fectively cancels and reduces the hum, and any harmonic 
listortion is affected likewise. When the input signal is 
increased in amplitude, the output also increases but the 
in remains relatively constant beca of the feedback. 
is the amplifier may be driver harder and still produce 
better fidelity and less distortion than without feedpack. 
The limit of drive is reached when grid current flows in the 
input stage, since the input signal itself becomes distorted 
end feedback wii nct correct this condition. With proper 
design, up te three stages of high gain amplification may de 
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used. Beyond this, excessive phase shitt is produced 
through the feedback, network, so that the feedback changes 
from negative to slightly positive at the low and high ‘re- 
quency ends of the response curve and usually causes os- 
cillation and distortion, which makes the extra amplification 
useless, 


FAILURE ANALYSIS. 

No Output. An open input, cathode, or piate circuit, 
jack ef plete voltage, or a defective tube can cause a loss 
of output. Check the plate voltage and cathode bias with a 


high resistance voltmeter, This will verify that resistors 
22, R7,.and HS, as wellas R3.and the primary of T] are not 
pan, and thar nasther C2 ar M4 rs ahortad. Tneck dar wm ire 


put signal using an oscitioscope, If the signai appears at 
ie input Suhoton thedie 

the input sut not on the gric 
naz a grid to cathode short. 
if tt 


Cl with an in-circuit capacitance checker. If the signal ap- 
pears on the grid but not on the plate, und normal plate volt- 
aye exists, replace V}. If the signal appears on the plate 
of V] but not on the grid of V2, capacitor C3 is open or V2 
is detective. Heplace V2 with a known good tube. if the 
condition persists check the capacitance of C3. 
nal appears on tne grid of V2 but not on the plate, either ihe 
tube is defective or T] primary is shorted. A resistance 
check will determine if Tl is shorted. If the signal ap- 
pears on the plate cf V2 but not at the output, the secondary 
of T] is either open or shorted. Check the resistance and 
continuity of TY with an-ohmmeter. 

Reduced Output. If the plate vel is low, or the cath- 
ode bias is too high, there will be ar teut. A 
detective tube can cause both low Bete voltage and high 
cathode bias, because of heavy conduction due tc a shorted 
aia Likewise, low emission will also cause a re- 

uged output. Reploce both woes wid known good ones 
He onserve if the output returns to normal. Check the plate 
and bias voltages with a voltmeter if the condition persists, 
ng plate or bias resistors may incr 


since agi 


ease in value 
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GMa), ab Citncr the fi 
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PART B. SEMICONDUCTOR CIRCUITS 


AUDIO AMPLIFIERS. 

The semiconductor type of audio amplifier is similar to 
its vacuum tube counterpart; however, there are a number 
of significant differences which must be considered. For 
example, the electron tube audio amplifier normally operates 
as a voltage amplifier except for the final output stage, 
while the uansistor audio amplifier operates as a current 
amplifier in all stages. Thus, the electron tube represents 
a high-impedance, voltage-sensitive device, while the 
transistor represents a low-impedance, current-sensitive 


device. 
Since the transistor is basically a Inw-resistance de- 


vice, it may draw current from the input source or the pre~ 
ceding stage. (Except in class B audio amplifiers, the 
drawing of grid current in tube amplifiers represents dis- 
tortion and is never used. While cless C 
draw grid current in normal operation, they cre never used 
for audio amplification.) In this respect, each transistor 
amplifier stage may be considered as a current or power 
amplifier operating at a current or power level higher than 
that of the preceding staye, but lower that ihat of the follow- 
ing stage. 

While the types of transistor amplifiers are similar to 
the types of electron tube amplifiers, such as preamplifiers, 
driver-amplifiers, and output stages, the power levels em- 
ployed are much lower. Thus, transistor preamplifiers 
generally operate in the microwatt range, amplifiers and 
driver stages opetate in the low milliwatt range, and output 
stages operate in the high milliwatt or low watt range. At 
present, power outpuis of 50 to 100 watts for trar 
audio amplifiers are normal, whereas power cutputs of | to 
10 watts were considered high until recently. Theretore, 
any general statements relating to powers applicable to the 
following circuits must not be taker too literally, si 
they will change with the state of the art. Actually, except 
for extremely high-powered transmitter applications, the 
transistor audic amplifier today compares very favorably in 
many respects with the elpetton tube audio ar 
small size and reliability of the transistor, 
life and low heat-producing ability make its use pobtilar'f in 
equipments normally requiring many stages; in addition, 


voltages makes the tr 
ages 7 SNS 


amplifiers do 


ing from battery 
ieansistor operstion may de obtained ; 
voltage power supplies employing sémiconduct 
zepilotors, thus eliminating the need for batteries. 
25 may be operated class A,B AR 


Teausistor ampiit 
or C, {ust as with electron tube amplifiers. When operated 


class ‘A, they are operated on the linear portion uf ihe col- 
i EOaaGe etistic. The class A biased transistor has a 


wheiher a signal is present or not, oan ces with 


a. 


The best nower effi 


Th: t po cy is obtained when they are biased 
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for collector current cutoff, since collector current will flow 
only during that half-cycle of the input voltage that aids 
the forward bias. When biased for zero collector voltage, 

a heavy current flows when no signal is present, and prac- 
tically all the collector voltaye is dissipated actoss the 
load resistor. Although heavy current flows, the power 
dissipation in the transistor is very low because power is 
the product of both current and voltage, and the voltage is 
practically zero (due to the smal! voltage drop across the 
very low impedance of the transistor). The collector cur- 
rent varies only during that portion of the cycle when the 
input voltage opposes the forward bias. Under these con- 
ditions low efficiency is obtained and the forward current 
tenasfer rotis {@ m } is appreciably reduced. The class AB 
transistor ampitiver is biased iu: viii: WUlector voltage 
cutoff or current Suit! for less than a half-cycle of opera- 
case the efficiency is somewhat greater than 

s A, but less than that tor class B, and the 
statements just ‘made concerning the class B amplifier also 
apply to the class AB amplifier. Class C amplitiers are 
biased so that the collector current or voltage is zero for more 
than a half-cycie; thus, they are not used for cudio amplifi- 
cation because cf the serious audio distortion produced. 
However, they can be used single-ended or push-pull (or 
push-push) for i-f applications, 

The most important foctors to be considered in an anal- 
ysis of audio amplifiers are input and output impedances, 
signal and noise levels, and required frequency response. 
Since the transistor is basically a low-level current device 
1£1$ most important that the input and output impedances be 
matched to obtain maximum power gain. (In the electron 
tuhe circuit in the output 
stage.} The ratic of signal-tc-noise power ot the input te 
signal-to-noise power at the output gives the noise factor 


Bhrelialiee 


Ni, 


ti Sits Sax - fie 
{tigure}, Fa = TSacgpiae oe The smaiter inis 
ut J Nout 


by the opernting point, the 


sional source tesistonce, and the frequency of the signal 
plified. The accompanying chart shows a typico: vari- 


n cf acise factar or uoltane and emitter 


aloe: As can be 
seen, the best callie lor low noise is operation at 

er currents of less than | milliampere and at collector 
voltages of fess than 7 unite, Note that an incrense in 
collector voltage will increase the noise more rapidly than 
will @ simiar increuse in emitter curtent. This comespunds 
toa similar condition in mide amolifiers where high-uain 
stages are operated at low voltages to reduce noise. 

2 the signal source resistance 


upon thé noise factor 
which sndieaies that 


idicated in the following graph, 
deranon 1s obtained witn on 


ce of 1 te 2000 che. 
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The manner in which the noise varies with frequency is 
indicated in the following graph. For very low frequencies 
the noise is high, and for higher and higher frequencies it 
tends to decrease until at about 50 ke the curve changes 
direction and noise again starts to increase. In particular, 
this illustration predicts that low-noise d-c amplifiers are 
difficult to achieve and design. 
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The necessity for matching input and output circuits for 
greatest power gain dictates that particular circuit con- 
figurations be used. For example, a low input resistance 
can be obtained by using the common base (CB) circuit for 
values of 30 to 150 ohms, and the common emitter (CE) 
circuit for values of 500 to 1500 ohms. Although a high 
input resistance produces more nojse, its use is necessary 
when a high-impedance device such as a crystal microphone 
or @ transducer is used, Otherwise, a transformer is re- 
quired for proper matching, 

The common collector (CC) circuit, which is similar to 
a cathode follower in electron tube usage, provides a 
relatively high input impedance, as shown in the following 
basic circuit. 


INPUT —o 


CC Input Circuit 


The high input resistance is produced by the large negative 
voltage feedback in the base-emitter circuit. As the input 
voltage rises, the opposing voltage developed across Rr, 
substantially reduces the total voltage across the base- 
emitter junction, and the current drawn from the signal 
source remains low, A low current produced by a relatively 
high voltage indicates low resistance (by Ohm’s law); thus, 
if ¢ 500-ohm resistor is used as Rx, the input resistance 
for a typical transistor will be approximately 20,000 chms. 
Unfortunately, however, small current changes in the cir- 
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cuit, caused by functioning of the following stage, produce 
large variations in the input resistance value; therefore, 
this type of input circuit is not very desirable. 

A better input circuit can be obtained by use of the CE 
configuration with series resistance, as shown in the follow- 
ing schematic. 


Series CE Input Circuit 


In this figure, ry represents a typical base-emitter resist- 
ance of 2000 chms with a load resistance of 500 onms. To 
achieve the 20,000-ohm input resistance of the circuit pre- 
viously described, an 18,000 chm series resistor, Rs, is 
employed; 18,000 ohms plus the initial 2000 chms wil! pro- 
duce the required value. By use of the series 18,000 ohm 
tesistor the total input resistance can be kept relatively 
constant at 20,000 ohms, unaffected by variations in tran- 
sistor parameters or by the current drain of the following 
stage. The disadvantages of this circuit are a smaii ioss 
in current gain and the latge resistance in the base circuit. 
The use of a large resistance 
to bias instability if the bias voltaye is fed to the tran- 
sistor via this tesistance. 

The following input circuit represents the best overall 
compromise. 


in the base cir: 
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Degenerative CE tnput Circuit 


The signal voltage develoned 


resistor, Rr, develops a 
signal. This degene: 
causes On inctease in the indut resistance. 
m load resistor, Ry, is used with a SO0-ohm er 


typical ansistor. In ad 
emitter resistor acts a8 a Swumpiny I@SiSIOI, to ACA pisul- 


lize the transister and minimize thermal variation effecis. 
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Because the common-emitter configuration provides 
thermal stability (by means of emitter swamping), a relative- 
ly high input resistance, and high voltage-and-current gain, 
it is usually employed to the exclusion of other configura- 
tions. Therefore, the circuits to be discussed in later 
paragraphs will use the common-emitter configuration; the 
other forms of these cimcuits will act be m d unless 
considered germane to the discussion. 

The transistor audio amplifier is usually classified as 
@ small-signal! amplifier or a large-signal amplifier. Actual- 
ly, the small-signal condition represents excursions of the 
input signal over only o smal] range about the operating 
point (bias level), on the order of fractions of a volt. Small- 
signal conditions are normally calculated by appropricte 
jorimuiGe, SS nS values remain Teintively ANeQh UL ute 
matically constant over the small range involved. On the 
other hand, with large-signal conditions, which are associ- 
ated with the power amplifier (or cutput 
be considerable departure irom the iormul us 
thus, the power amplifier must be analyzed and designed 
graphically. In this respect, the transistor is somewhat 
different from the electron tube, with inherent nonlinearities 
which vary considerably from unit to unit. As a result, 
matched pairs of transistors are used to produce the desired 
results where the individual parameter variation is too 
large. 


DIRECT-COUPLED AUDIO AMPLIFIER 


APPLICATION. 

The direct-coupied audio amplifier is used where high 
gain at iow andio frequencies, or amplification of dizect 
current (zero frequency) is desired. The direct-coupied 
audio amplifier is also used where it is desired to elimi- 
nate loss of frequencies tnrough a coupling network. Thi 
circuit has numerous applications, particularly in computers, 
measuting or test instruments, and industrial controi equip- 
ment, 


CHARACTERISTICS. 

Uses common-emitter circuit for high gain 

Usually requires thermal stabilization to prevent runa- 
way. 

Frequency response extends to zero irequency (direct 
current). 


Responds equuliy Well iG pulses oF 


CIRCUIT ANALYSIS. 

General. The transistor is a device 
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ment is also applied to another element. No problem results 
if the circuit can be arranged so that the temperature in- 
-rease or decrease is self-correcting in the following tran- 
sistcr. In most instances, however, thermal instability 
becomes 1 major problem if more than two stages of d-c am- 
plification a13 cascaded, 

Germanium tr:nsistors are more subject to thermal 
instability than are silicon transistors, but in either case 
it is usually necessary to provide some form of temperature 
compensation if the temperature exceeds 55 degrees centi- 
grade. The complexity of the compensation circuitry is 
dependent upon the amount of correction needed. Because 
of the rapid changes which are occurring in the semicon- 
ductor field, it is likely that temperature compensation 
will be eliminated or minimized to a great degree in the 
future. Even so, however, the primary limitation of direct 
coupling stil! remains, namely, the necessity for cumulative- 
ly increasing the bias and operating values as each’ stage 
is cascaded. While the use of low bias and collector volt- 
ages permits somewhat more range than can be obtained 
with the electron tube, the transistor, like the electron tube, 
is subject to maximum breakdown or reverse potential 
limitations. 

In addition, noise is a problem since the d-c amplitier 
amplifies ony internal noise as well as the signal, and 
transistors are prone to produce greater noise at the lower 
audio frequencies. Thus, the ability of the d-c amplifier 
to extend its response to low frequencies not normally avail- 
able through other coupling methods is somewhat nullified 
by the amplification of the inherent noise in the transistor. 
Generally speaking, we can say the low-frequency response 
of the d-c amplifier is limited only by the signal-to-noise 
ratio, while the high-frequency response is limited by the 
frequency-response characteristics of the transistor. 

In the direct-coupled amplifier, the collector of the input 
stage is directly connected to the base of the second ampli- 
fier stage; therefore, any collector supply variation also 
appears at the base of the second stage, just as if it were 
a change in the input signal. Since the transistor in the 
second stage has no way of discriminating between actual 
input signal variation and first stage collector supply vari- 
ation, it is evident that either type of variation will be 
amplified in the second stage. 

By the same type of reasoning it can also be seen that, 
even in the absence of an input signal, a change in the gain 
of one stage (or the over-all yain of cascaded stages) as 
a tesult of collector supply variations, will produce an 
output signal. Similarly, a change in bias level in any 
stage or on any element wil! be amplified proportionally, 
and a change of output will occur. Such changes in bias 
levels normally occur as a result of temperature variations, 
aging, difference in transistor characteristic due to manu- 
facturing processes, or chanyes in transistor leakaye cur- 
rent, and are referred to as drift. (This has no connection 
with the process which occurs in drift transistors.) 

The variation of the forward bias characteristics of a 
typical germanium diode with temperature is shown in the 
accompanying graph. The forward bias variation is usually 
expressed as a change in bias voltage with temperature at 
a constant forward bias current. It is usually small, but 
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becomes significant because of the large amplification it 
receives because of the direct coupling arrangement. 

The manner in which the collector-base diode varies its 
Teverse Saturation current with temperature is also shown 
in the following graph (for a typical germanium transistor). 
In this instance, the figure shows that the reverse-current 
characteristic is highly temperature-dependent, and relatively 
large current variations are produced as the temperature is 
incteased. 

In a similar manner, it can be shown that the forward- 
current transfer characteristic of a yermanium transistor 
also varies with temperature. However, in this case the 
gain can either increase or decrease with temperature (sili- 
zon types generally increase with temperature). The per- 
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centage variation in gain with temperature varies greatly 
with the operating point, and many units show a change in 
sign as wéll as magnitude. The gain variation of a silicon 
type may be from two to ten times that of a germanium type. 
Thus, we can see that the major sources of drift in tran- 
sistors are changes in the d-c properties of the collector- 
base and emitter-base diodes, and changes in the d-c [ui- 
ward transfer ratio. Generally speaking, in comparing the 
operation and performance of germanium and silicon tran- 
sistors, it can be said that at temperatures below that of 

the reference temperature, To, the two types are compar- 
able, At and above the reference temperature, the silicon 
type tends to have lower drift. The reference temperature 
for silicon is 100 degrees centiurade, and that for germanium 
is 60 degrees centigrade. With iow source sesistance tov 
values of drift are obtained above Ts, while with high 
soutce resistance the best performance occurs Ot temperc- 
tures where the reverse saturation collector current may be 
neglected. 

In d-c amplifiers, low drift is obtained by operating with 
low values of collector current; this reduces the reverse- 
leakage current by keeping the voltaye between the coliec- 
tor and the base ata low vaiue, This voltage is a forward 
bias for reverse current. Generally, any design precautions 
which reduce drift also reduce noise; conversely, with low 
noise less drift is obtained. When the collector current is 
reduced, the gain decreases and the internal emitter resist- 
ance increases. Because of the reduction of gain, the 
amount to which the collector current of the first stage can 
be reduced is somewhat limited. in single-ended om i 
stages, both the cutrent dritt and the voltage drift in the 
second stage tend to help cancel the input stage drift: in o 
differential d-c amplifier, however, the drift in the second 
stage may either aid or oppose that of stage 1, depending 
upon the design. 

Despite the spparent disadvantages of the d-c amoli- 
fier, it does produce (for a two- or three-stage unit) high 
gain and good fidelity, particularly in the low-frequency 
nortion of the spectrum. It also provides amplification with 
as few parts as possible; thus, it is economical to build. 

In actual practice the d-c amplifier is usually limited to one 
ar two stages of amplification because of drift, especialiy 
where de must be amplified or where frequencies of 0 to iz 
cycles are of importance. To overcome the effects of drift 
in dec amplifiers a special ‘chopper amplifier’ has been 
developed; this 


drift which normally gccurs. 
amplifier, which will be discussed jater in this section of 
the Handbook. 

Circuit Operation. 


lL. Basic Cirewit. The sche 
emitter d-c amplifier is snown in the accompany 
tration. The input signa! is represented by the a-f genera- 
tor with an intemal resistance equal to Raq. The input 
signal is applied between base an¢ emitter. Transistor 
Ql is biased by Ra, using the form of external PNP self- 
explained i dui aad the 
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Basic 5-C Amplifier (CE} 


age divider across the collector supply, and a forward bias 
is developed actoss Rg.) The input signal opposes the 
bias between base and emitter, which is normally chosen 
for class A operation. The direction of electron current flow 
tarough the collector output load resistor, Ry, is indicated 
by the arrows. The polarity of the resulting d-c voltage 
actoss the load resistor is as shown, When the positive 
alternation of the input signal is applied to the base, the 
base-to-emitter bias is reduced (since the signal and bias 
voliuges are of opposite polarity). Recause the base-to- 
emitter potential is now less than the normal value, the 
hole current from the emitter to the collector is lowered and 
electron flow through tne output load resistar is reduced. 
The decrease in voltage drop across Ry produces a nega- 
tive swing and, consequently, produces a negative output 
signal across Ry. As the sine-weve input signal goes 
negative, the bias potential is aided by the input signal; 
and as the base-to-emitter bias is increased, more hole 
cutrent flows to the collector. This produces more electron 
flow through the collector circuit, increasing the wolaue 
drop across Ry, and produces a positive al swing 
ress the time that the input signal 1S negative, 
tively produces an opposiie-polarity output 5: 
anes teferred to as a 180-degree phase teversa’ 
Ri is the oad for both de and ac, there 1s only one ioud 


voltae. 


he cuipur aciess Ra la applic 


next StaUes it can be seen that 
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the load resistor. Ti ude the so-called white neiss 
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transistor {similar to shot noise in the electron tube), and. 
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audio range), with the semiconductor noise predominating 
and increasing for frequencies lower than 1Kc. The d-c 
noise results from supply voltage variations. Thus the 
noise components usually eliminated by the a-c coupling 
capacitor in other types of amplifiers, creates a design prob 
lem in the smoll-signal type of de amplifier. In large 
signal amplifiers these noises are usually masked by the 
large input signal. Note also that any d-c bias changes 
caused by thermal instability of the stage also appear 
actoss the load, and are applied to the input of the next 
stage. This is an inherent disadvantage of the d-c ampli- 
fier. On the other hand, with proper input and output match- 
ing, maximum gain is obtained in the stage; moreover, with 
no coupling network to create a loss between stages, maxi- 
mum output and efficiency are produced. Since all frequen- 
cies are present, including de (zero frequency), and are 
applied equally to the next stage, it can be understood why 
the d-c amplifier presents maximum gain with excellent fre- 
quency response, particularly at the lower frequencies. 

2. Cascaded Stages. Because of the high yain possible 
per stage, many applications require only a single stage of 
d-c-coupled amplification. Where more than one stage is 
required, transistors offer circuit arrangements that are not 
possible with electron tubes. For example, through the use 
Of complementary symmetry it is possible to connect the 
collector of the input stage directly to the input of the sec- 
ond stage without disturbing bias arrangements, and to use 
the same supply. By using alternate arrangements of NPN 
and PNP transistors, only one supply is needed, Recall 
that in the vacuum-tube d-c amplifier, as each staye pro- 
gresses the plate voltage is increased, with the grid being 
tapped back onto the preceding stage plate voltage to obtain 
the bias. Only tandem arrangements of similar type tran- 
sistors can follow this principle. The term complementary 
symmetry is derived from the fact that the NPN transistor 
is the complement of the PNP transistor, with both circuits 
operating identically, but with opposite polarities. The 
accompanying figure shows a simple direct-coupling circuit 
using complementary symmetry. 


Tandem Coupling Arrongement 


In this figure, the direction of electron flow is shown by 
the arrows. It is evident that the base-emitter junction of 
the second stage carries the collector current of the first 
stage. If the collector current of the first stage exceeds the 
maximum base-emitter current rating of the second stage, 
the collector resistor shown in dotted lines must be used. 
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Otherwise, this resistor is not needed and proper design 
produces a saving in components. To do this, of course, 
the transistors must be of opposite types, (NPN to PNP, 

ot PNP to NPN). 

By the use of a special compounding connection, two 
transistors may be employed as a special type of d-c ampli- 
fier to obtain linearity and almost unity gain (alpha). The 
accompanying figure snows the compound transistor connec- 
tion. using the common-base configuration. 


Compound Connection 


Note that the input to the second stage is the base cur- 
tent of the first stage. Effectively, the input impedance is 
the series combination of the two transistors, while the 
outputs are in parallel. Such a circuit is roughly analogous 
to the push-push electron-tube circuit. Actually, this cir- 
cuit is employed as a single-transistor compounded-type 
circuit, with emitter, base, and collector resistors used 
extemally. The direction and relative values of current 
flow are shown in the figure, assuming the use of two tran- 
sistors with an equal agp of .95. When these values are 
converted to dre, the total combination value (.9975) is 
equal to a gain of 399 as compared with an G¢e of 19 for a 
single transistor, or more than the normal gain of two stages 
in cascade (19 x 19 = 381). Compounded transistors may be 
employed single-ended, or in complementary symmetry as 
push-pull stages, exactly as for single transistors. They 
represent a special and unique circuit alone; however, they 
are shown here to illustrate how they are detived from the 
basic d-c amplifier. In most applicacions the compounded 
circuits form the output stages of an amplifier, or are used 
as the d-c amplifier in @ voltage-regulator circuit. A typical 
high-gain preamplifier using an NPN and a PNP transistor 
in a direct-coupled, cascaded, complementary-symmetry 
amplifier is shown in the following schematic. For simpli- 
city and convenience, separate bias and collector supplies 
are shown. The output of the microphone is transformer- 
coupled (for proper matching) to the base of transistor Ql. 
Fixed class A bias is supplied to the emitter from a sepa- 
rate supply, and emitter swamping is provided by Rl shunted 
by Cl. Use of emitter swamping provides temperature stab- 
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Two Stage D-C Amplifier (CE) 


ilization for germanium transistors up to normal room tem=- 
peratures, and for silicon transistors up to 100 degrees 
centigrade. The output of the first stage appears across 
collector resistor RZ, and is direct-coupled to the base of 
PNP transistor Q2. Copacitor C2 and resistor R3 form a 
low-lrequency compensating ciicuit (or filter} across the 
foad, shunting the hicher frequencies to ground ond effec- 
tively boosting the lower frequencies. This helps to com- 
pensate for loss of low frequencies in the microphone 

and transformer circuits. Transistor Q2 is emitter-stabilized 
by swamping resistor R5, bypassed by C3. Resistor R4, 
which is unbypassed, is placed in series with the emitter 
to provide degenerative feedback for improvement of the 
linearity and response. Resistor R6 is the collector toad 
actoss which the output is developed, Fixed emitter bias 
is used with a separate collector supply for simplicity und 
convenience, 

Assume that a sine-wave signal is applies to the input 
of Tl; as the signal increases in a positive direction it 
adds to the forward bias of NPN transistor Qi. The increas- 
ed flow of electrons through Ql increases the emitter, base) 
and collector currents, anid the extemal et Re 
of the collector produces a : 5 
drop across collector ioud iesisitu; Fl, ine 
half-cyele that the input signal qoes positive and ai 
torward oids, the outpul sigicd (i 
neyative. 

As the input signal chit 
tive, it opposes the forw 
tron flow through the transistor, and a proportions: reducuiuu 
in the emitter, base, and collector currents. The voltage 
drop across R2 is reduced and the collector voltage ap- 
proaches that of the source, so that « positively volarized 
output is produced. Thus, 
input signal gues negatis 
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Since emitter resistor R] is bypassed by C1, changes 
occurring during the audio cycle will have no effect. How- 
ever, any slight changes in emitter current (produced by 
temperature variations in the transistor} which occur ata 
very slow rate develop a voltaue across Rl; this voltage 
increases or decreases the bias in o direction which opposes 
the chan: see Section 3, paragraph 3.4.2, BIAS STABILI- 
ae for a comple jon nf this action, Any 
ise voltage, thermal bias changes not compensated tor 
by Rl, and the amplified signal appear across collector 
resistor | nee soa are applied directly to the base of Q2. 
Note that the signal at this point is oppasite in olatily to 
that of tre input stayc. Capacitor C2 and resistor R3 form 
nes: filter petveen the base 


nd emitter of Q2, which 


fortyvely 


tively reduces the forward bias. With reduced forward bias, 
the flow of hele current throuyh the transistor is decreased, 
and the emitter, base, and collector currents are reduced 
proportionally. Therefore, the external flow of electron cur- 
rent througr collector resistor R6 is reduced, and the col- 
lector voltage approaches that of the source, producing a 
negatively polarized output signal. The output is now of 
the same polarity as the input signal to transistor Ql, so 
that during the entire nalt-cycle that the input signal to Q1 
ig neudtive, the output of O2 is negative. 
hen the to 02 is negative, the polenty 1s sich as 
to aid the base-emitter bias and increase the effective for- 
wore ois, AS te fonverd ui creased, hole current 
tlow through the transistor increases, and tie exuitter, base, 
and cullector currents increase provortionally. ‘Thus, the 
external flow of electron current through H6 into the collec- 
tor of O2 is increased, and is in such @ direction us to prc 
duce a positive output voltage. In a similar manner, this 
output voltage (of Q2) is of the same polarity as that at the 
; the affect of the two staqes is to produce 
i of the sume golarity as the input signal (a 
obtained when two electron tubes 4 
: | 


@ used) 
oly nolorized Antnyt sigund stages 


so tagt input vol 
fied output of C2 is 2. 
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minimum of parts and d-c supplies needes tor a aigh-gain, 


three stage complementary symmetry type of d-c amplifier 
for small signal applications. 


Typical Three-Stage Amplifier 


As shown, the base of the input stage is completed 
through the input device, it is effectively open, it has no 
driving voltage, and zero base current exists. The collector 
current, Iceou1, flows through the base of stage 2, which is 
biased by supply Vere in series with the emitter of stoge 
2. Since stage I uses an NPN transistor, the positive 
emitter bias of stage 2 is of the proper polarity to act as 
collector voltage for Q1. Any change in the collector cur- 
tent of stage 1 appears at the collector of stage 2 in amphi- 
fied form; that is, Ie2 = Balcgo1, where Ba is the current 
gain of stage 2. Stage 2 uses a PNP transistor; therefore, 
by complementary symmetry, stage 3 must also be an NPN 
stage similar to stage 1. The emitter bias for stage 3 is 
supplied through Vea, which is connected positive to 
ground, Thus, the collector supply of stage 3 (Vocal is of 
series-aiding polarity, and the total coilectar voltage is 
that of both the collector and emitter supplies of stage J. 
In a similar manner, the collector voltage of stage 2 is 
supplied by Vee2and Vee3. The collector current of 
stage 2 is the base current of stage 3. The output of the 
amplifier oppears across collector resistor R4, and ‘the cols 
lector current is that of staye 2 multiplied by the amplifi- 
cation factor, ot Ic3 = BzBalcroi. Emitter resistor Rl, 
R2, and R3, which are of a low value, provide degenerative 
feedback; they also act as emitter swamping resistors to 
help stabilize the amplifier with respect to temperature 
variations. 

Assuming that the input stage has ¢ collector current of 
5 microamperes and assuming a gain of 38, the second stage 
will have a collector current of 190 microamperes. With a 
gain of 40, the third stage collector current will be 7.6 
milliamperes. It is clear that any sliyst change in the 
current of stage 1 caused by temperature or noise will be 
greatly amplified and appear ut the outmut of stage 3. With 
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such sensitivity and anplrfcarton, retoré, it 1s aimost 
mandatory that such en ampl: temperature-compen- 


sated, even if ron temper 
Naturally, the amplitude of the inBal gnal must be limited 
if ove fidelity (3 te obtained, Drivisg tae transistor 

into cutoff and saturotion would stip the peaks of the signal, 
just as in electron tube operation. It is also evident that 
low-noise transistors must be used; otherwise, the noise 

ire signi, Nove thet in this amplitier the small 
of stoge 2 operates as the collector voltage of 
Lev colector veitage is used to minimize noise 


ot vary excessively. 


stage 1. 
generated in the input stage; this is similar to the tech- 
niques used for high-gain vacuum-tube amplifiers, where 
the plate voltage of the input stage is usually about 1/3 that 


of the other stayes. 


FAILURE ANALYSIS. 

No Outpet A ne -uwwet caui.on ts generally 
indicative of either an open or shorted circuit, or a defec- 
tive transistor, (eudlly, impr will cause distortion 
or low output rather than no output at all. A resistence 
analysis should quickly reveal any open-circuited compo- 
nents. since only few arts are involved. A forward and 
reverse resistance check of the transistor can be made to 
determine whethet the transistor needs replacement. For a 
qond transisto: the forward resistan7e is low (less than a 
few ohms), and the reverse resistance is high (SOK and 
higher). With continuity throughout and components of the 
proper resistance, a simple voltage check should indicate 
the cause of improper performance. Use a hich-impedance 
vacuum-tuse voltmetet; at the normally low voltages involved, 
the shunting effect of the uzval 20,000 ohms-per-volt meter 
might be too creat. 

Low Outpet, Generally, low output results from improper 
biasing, causing either too great a flow of current or too 
small o flow of current (but not cutoff), Defective bypass 
capacitors provide a leakage path for current which, in flow- 
ing through an associated series resister, produces a volt- 
age drop greater than normal. Usuaily such a condition can 
be easily checked hv means of a vaitage analysis, Where 
have been introcuced, either because 
e473 components, a loss of 
arily, these es can be 
} cnalysis. 4ith the smal) 
number of components ravelved: either a ae check or a 
tesistance check should quickly isolate the trouble to a 
particular portion of the citcuit. finen maxing ohmmeter 
tests, be sure to observe the correct polarity and not to 
coply a forward bias to a circuit requirin! a reverse bias, 
ce versa: exceezing ine per issi4e dias can ruin the 
transistor. The use of a shorting bor (screwdriver) to ground 
(an acceptabis ctice in electron-tube 19: voting) 
should be uvoided to prevent overload or accidental short- 
circuiting of the supply through components not designed 
to withstand the extra current. If the trouble cannot be 
located quickly by means of the simple voltage and resist- 
ance checks described above, the most effective trouble- 
shooting method is to apply aa ynput signal and use an 
oscilloscope to check the signal path through the circuit. 
The high-impedance oscilloscope input will have Little 

it operation, and the disapneuwacce ef the 


sffec 


$-B-2 


ELECTRONIC CIRCUITS NAVSHIPS 
Self-bias is used with RB and the internal base-emitter 
tesistance providing the bias (it acts as a voltage divider 
connected across the supply). Emitter resistor RE serves as 
an emitter swamping resistor to provide thermal compensation. 
(See Section 3, paragraph 3.4. 1, of this Handbook for a dis- 
cussion of bias, and paragraph 3. 4.2 for a discussion of 
stabilization action.) The collector input, which is the 
signal from the d-c amplifier stage, is direct-coupled, while 
the chopper (sometimes called '‘carrier'’) input may be 
either direct- or a-c-coupled. In either instance, the cir- 
cuit bias voltage must be arranged so that the direct 
coupling does not bias off Ql in an undesirable mode of 
operation. Note that the direct-coupled collector input is 
actually the collector supply voltage. Note also that the 
a-c waveform shown as the d-c input signal on the sche- 
matic represents the signal component produced by in- 
creasing the d-c input above the level representing zero to 
produce a positive waveform, and decreasing the d-c level 
below this zero level to produce the negative waveform, It 
actually is a d-c voltage which varies at the signal fre- 
quency. 

The operation is such that the transistor acts 
as a switch, being off when de-energized and on when 
energized. The switching action is obtained from the 
chopper input signal, which is a rectangular pulse of con- 
stant amplitude (usually in the audio range). On the posi- 
tive peak, the forward base bias is reduced to a value which 
stops conduction through the transistor. On the negative 
peak, the foward base bias is increased and the emitter 
conducts heavily in the saturation region, During the 
vertical rise and fall times, the bias changes rapidly from 
one state to the other. It is during this time that the 
transistor is in its normal operating region, but because of 
the short duration of the rise and fall time no actual ampli- 
fication occurs during this period. 

Let us consider one cycle of operation, Assume that 
the transistor is resting in its quiescent state with a small 
self-bias and with no inputs applied. Transistor Q1 will 
draw its quiescent value of collector current. Assume 
that a 1000-cps rectanquiar pulse is applied as the chopper 
input to the base electrode. With equal on and off times the 
transistor will conduct heavily during the negative chopper- 
pulse when the forward bias is increased. Assume that 
the d-c input signal is also simultaneously applied to the 
collector, and that it is positive. This will place a forward 
bias on the collector (instead of the normal reverse bias), 
and the transistor will quickly reach a steady saturation 
current. Note that the d-c amplifier input signal is actually 
acting as the collector supply voltage. At point A on the 
schematic the input waveform will appear; however, at 
point B the input voltage is entirely dropped across collec- 
tor resistor RC, as a result of the heavy conduction, and 
no output appears. When the chopper input signal goes 
positive the forward base bias is opposed, and, since the 
square-wave input is always of greater amplitude than the 
bias, the base is reverse-biased and collector current is 
effectively reduced to zero. It is not exactly zero because 
a small reverse current, Iceo ,flows through the internal 
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tesistance of the base-collector and emitter-base junctions 
of the transistor. This reverse current produces a voltage 
drop through collector resistor RC in opposition to normal 
collector current flow, from points B to A instead of from 
points A to B. Therefore, the polarity of this reverse- 
generated voltage is in opcosition to the d-c input siqnal, 
and thus reduces it a smal! amount. However, for the 
present we may ignore this small loss of input voltage and 
say that during the nonconducting period the full amplitude 
of input voltage appears at the output. During the entire 
positive excursion of the d-c input signal, the output will 
consist of a series oi pulses having approximately the same 
amplitude os the input signal at the instant the transistor 
is turned off. When passed through coupling capacitor 

Cee , this waveform will look exactly like the input since 
the d-c portion is eliminated and only the varying a-c 
portion appears at the output. As stated previously, this 
amplitude is slightly less than that of the input because of 
the reverse drop through Re . Therefore, although called a 
"'chopper-amplifier,’’ it is clear that the qain is always 
less than unity and the function is mainly one of converting 
the d-c signal to an a-c signal, 

Consiser now the operation on the opposite half-cycle 
of the d-c input signal. In this instance the collector 
voltage is always negative, which is the normal reverse- 
biased collector condition, With the same rectanqular 
chopper input signal, the base bias is alternately reduced 
and aided. In the reduced condition, effective zero collector 
current is obtained; during the aiding part of the chopper 
signal, the forward bias is increased, Thus, the same 
operating conditions prevail, with the transistor alternately 
driven to saturation (this time by the chopper sianal alone) 
and to effective cutoff. During saturation (the on period) 
the collector input signal is dropped to zero through the 
collector resistor, and during effective cutoff (the off 
period) the signal appears at the output. In this instance, 
again, there is also a flow of reverse current, which pro- 
duces a slight opposing voltage so that the input sianal is 
slightly reduced. The output appears as a neaative varvina 
voltage which is identical in shape to the input signal. In 
the collector circuit it consists of a aroun of pulses with 
an amplitude equal to the input signal amplitude (minus the 
reverse drop} during the off period. 

The uniaue proverty ofthe transistor which permits it 
to operate with either a forward-biased or reverse-biased 
collector also serves to switch the functions of these 
elements. Thus, with forward bias the collector becanes 
an emitter, and the emitter functions as the collector. 

This allows the designer the choice of either connectina 
the transistor ds a common emitter, or of reversing the 
collector and emitter connections and have it operate in 
the inverted fashion, In either case the operation is 
identical except that the terms collector and emitter must 
be interchanged in the places they appear in the circuit 
discussion. 

In some applications the emitter resistor is not used 
since its function is for temperature stabilization by small 
or incremental changes of emitter current, and the large 
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which may be chopped. These voltages and currents can Le 
reduced by sroper selection of transistors (silicon types 
are oreferred} and by use of the inverted emitter-collecter 
(transposed) connection. With the inverted connection a 
lower offset voltage is obtained because of the effects of 
the emitter and collectcr chmic spreading resistan This 
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can result in insufficient drive for normal operation and 
produce a partial output. The circuit resistances can be 
checked with an ohmmeter, and the chopper signal with an 
oscilloscope. If coupling capacitor Cee is shorted, the 
output will also be reduced. 

Distorted Output. A nonlinear output in tnis circuit is 
quivalent to distortion tn conventional ampiitiers. OQuce 
ned, only a change in the value of the 
, or the transistor can cause 
The chopper input signal can be checked on an 
, ond the components can be checked with 
A leaky ct shorted coupling capacitor (Cec} 
e distortion witn reduced output, Aevenaing upon 
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R-C-COUPLED AUDIO AMPLIFIER. 


APPLICATION. 

The t-c-coupled tronsistor audio amplifier is commonly 
used where good fidelity over a lerge range of audio fre 
quencies is desired. For example, it is used in the ampli- 
fier stages of receivers and communications equipment where 
little or no power output is required. 


CHARACTERISTICS. 
Uses common-emitter circuit for high gain and better 


ear Operation and minimum dis- 
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Vee 


OUTPUT 


R-C-Coupled Audio Amplifier 


The input is shown capacitively coupled, and voltage 
divider Rl, RB provides fixed bias from the collector supply. 
Emitter swamping is provided by RE for temperature 
stabilization; RE is bypassed by CE. (See section 3, pare 
gtaph 3.4.1, of this Handbook for a discussion of bias 
arrangements, and paragraph 3.4.2 for a discussion of bias 
stabilization methods.) Collector resistor RC is the load 
across which the output voltage is developed; this voltage 
is applied through coupling capacitor Cee to the output 
circuit. Resistor R2 is the base-to-ground resistor in the 
next stage when cascaded amplifiers are used, or is the 
output load resistor (such as a headset) in single-ended 
stages, 

Normally, the amplifier is o small-signal amplifier, with 

the bias fixed at the center of the transistor dynamic trans- 
fer characteristic. With no input signal a steady collector 
current, IC, flows as determined by the base bias voltage. 
With Rl and RB connected across the collector supply as a 
voltage divider, a forward (negative) bias is developed 
across RB; this bias is sufficient to cause the quiescent 
value of Ic to flow, even though the collector is reverse- 
biased. When the input signal goes positive, assuming a 
sinewave input, the forward base bias is decreased instan- 
taneously by the amplitude of the input signal, ond collector 
current Ic is reduced. The reduction in collector current 
causes the voltage across collector resistor RC to rise 
toward the supply voltage, which is negative (this is exactly 
the reverse of vacuum-tube action); thus, a neqative-swinging 
output signal is developed. When the input signal becomes 
negative, it adds to the forward base bias and causes Ic to 
increase. The increase in collector current through RC 
produces a less negative voltage or positive swing. There- 
fore, the collector output follows the input signal except 
that it is reversed in polarity; when the input signal is 
Positive, the output signal is negative, and vice versa. 
The collector output is developed across RC between the 
collector cnd ground, and is applied through coupling ca- 
Pacitor Cee to the base of the next stage, or to the output 
load. 
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Tn casceced stence-coubled sicqjes the ba 
resistor and bas itter internal impedance of the next 
Stage transistor offer a shunt path Letween coupling co 
pacitor Cee and cround. Therefore, the reactance of Cec 
and the total parallel resistance from base to ground form 
veltage divider across the collector resistor of the first 
stage. If the reactance of the ccupling capacitor is large, 
tre output voltageis greatly cttenucted, and only 
Cutput appears between base and ground of the second stage. 
Since the reectance of Cee varies inversely witr frequency, 
the lower audio frequencies are attenuated more than the 
higher frequencies. For good low-frequency response tne 
coupling capacitor is made sufficiently large in value that 
actance is very small as compared with the base-to~ 
resistance. This is similar to vacuum-tube practice, 
re relatively small coupling capacitors (such as .001 
microfarad) are satisfactory, because the vacuum-tuke sric- 
to-ground impedance is very hich. Because the transistor 
bose-te-emitter impedance is fairly low (about 500 ohms), a 
coupling capacitor of 50 microfarads or more is needed to 
achieve the low impedance required to pass the signal 
without excessive attenuction. (A S0-microfarad capacitor 
has a capacitive reactance of approximately 30 ohms at 
100 cps.) For good low-frequency response the reactance 
of the coupling capacitor should always be less than one- 
tenth the effective base input impedance. 

At the higher audio frequencies (above 20,000 cps), tne 
collector-to-emitter capacitance of the first stage and the 
base-to-emitter shunting capacitance of the second stage 
tend to bypass the high frequencies to ground, causing a 
drop in the response. Tnis frequency-attenuating action 
of the transistor occurs because the width of the internal 
transistor PN junctions are voltage-sensitive. With higher 
voltajes the transition region is narrow, corresponding to 
the closely spaced plates of a capacitor with the associ- 
ated high capacitance. The reverse bias on the collector 
also reduces the width of this transition regicn, so that 
transistors are generally characterized by a high inter- 
electrode capacitance. For example, an auido transistor 
may have a collector-to-base capacitance on the order of 
50 picofarads, as compared with o vacuum-tube plate-to- 
grid capacitance of one or more picoforads. The collector- 
to-emitter capacitance is usually 5 to 10 times the value 
of the collector-to-base capacitance (in the common-emitter 
circuit), as compared with 8 picofarads or less for vacuum 
tube plate-to-cathode capacitance. Thus, it can be seen 
how the high-frequency response is affected considerably 
by intemal transistor parometers. Of course, any shunt 
wizing capacitance will also add to the shunting effects of 
the transistor. Both low- and high-frequency compersating 
circuits may be used to increase the effective frequency 
tesponse of the circuit, os discussed in Widecand Video 
Amplifier Circuits lazer in this section. 

Over the region of 100 to 20,000 cps, the r-c-coupled 
amplifier has a relatively flat response, and with proper 
Matching will afford kigh power and voltage gains. Hence, 
this form of coupling is universally employed where good 
audio response is required without any cpprecicsle power 
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output (voltage amplification). The common-base configura 
on is sometimes employed where better high-frequency 
response 1s desired than that provided by the common- 
emitter circuit, since the collector-to-pase capacitance is 
only 1/5th to 1/19 as great. 
nsistor cudio amplifiers are alsu churscterized by a 
high inherent noise which is greatest at the lower audic 
frequencies. Operation with low values of emitter current 
and low collector voltages, together with low values of in- 
Put resistance, tends to minimize the noise. In the common- 
emitter circuit, degenerative effects produced by an un- 
Bypass emitter resistor tend to increase the input 
Tt it is conventional practice to use large em 
macitors in the r-ecanpled ciremt to avoid any 
possibility ot degeneration. As with tne eiecuon lube, ex- 
remal feedvack ciicuits provide Letter & 
emitter degeneration mey sometimes be used. Since fixed 
hias from the collector supply may be ensily obtained by 
a simple voltage sivider, it is used in both large-and smali- 
signal applications. Self-bias is generally restricted in 
use to very smatl-signal amplifiers; otherwise, distortion 
and improper operation with a reduction in jain, or blocking, 
may occur on large signals. In the s-c-ccupled amplifier, 
e emitter resistor functions mainly as a swamping resistor 
for temperature stabilization, and prevents lar anges in 
amplification with temperature variations, 

In considering the operation of the transistor r-c-coupled 
amplifier as compared with the electron-tube r-ccoupled 
amplifier, it should be clear from the above discussion 
that one circuit 2s an almost exect courterpart (dual) of the 
other. The difference is that transistor stages operate with 
low input and ess pedances, at | 
very low levels of ui.plification, whereas elect 
stages operate with relatively high input and output imped- 
ances, at high voltages, and at high leveis of amplification. 


‘ 1 
Thus, the wunsiste: is basically o current amplifier, w' 


voltages, and at 


on-tube 


the electron tube is a voltage amplifier. Consequently, the 
transistor requires closer matching (rather than mismatching) 
pedanees to produce maximum performance, 
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exists and the transistor will very likely conduct heavily 

in the saturation region. If collector resistor RC is open, 
there will pe no voltage indication as measured between 
between the collector and ground. If emitter resistor RE 

is Open, the circuit will not operate; nowever, if emitter by- 
pass capacitor CE. is shorted, the circuit will operate but 

t 


commest 


Gripe ens Cheer 


bypass capacitor is open, 1t may reduce the output because 
of degenerative feedback, but normally will not couse 
complete stoppage of operation. If the input coupling cap- 
acitor or the output capacitor is open, no output will result. 
Check the input and output circuits with an oscilloscope; 
disappearance of the signal will indicate the location. of the 
defective component. If the coupling capacitor is shorted 

1 the ho by 


it Will be ieuperdiuie-sens: 


ented at the saput, 
but wiil prdbably: not be sufficient to stop operction, On 
the other hand, if the output capacitor is at fault, the col- 
lector reverse bias (whi is normally high as compared 
with the base bias) wiil be applied as full forward bias to 
the base of the next stage and will bias it heavily inte 
saturation; thus, no output will result, and the current may 
be sufficient to destroy the transistor. If the coupling ca- 
pacitor is leaky, the effect will depend upon the amount of 
leakage. With slight leakage there may be practically no 
observable effect, or possibly distortion; with hecvy leak- 
age there will probably de no output. Of course, if the 
transistor is shorted or otherwise defective, a no-output 
condition will occur. However, the transistor should be 
replaces only after all other Shes have been made and 
A scugh check of transistor oper- 

ction can be made {if the transistor can be easily removed 
from the circuit) by measuring the forward and reverse 
resistances with an ohmmeter. A high reverse resistance 
nd low forward resistance indicates that the transistor 
is operable, but does not indicate if the gain is normal. 
Be certuin to observe the correct polarities. 

Reduced Output. Improper bias voltage or a change in 
e value of a component, as well as a defective tran- 
sister can couse reduced output. If the transistor gain is 
low, the output wiil also be low; however, transistors 
should be replaced only after all other checks nave been 
made, unless there is good reason to suspect that improper 


2 To Gut 


voltages nave been applied. If either of the base voltage 
divider bias resistors changes in value, the bias will be 
either too low or too high and the output will be reducea, 


ue, ine Guidul will be increased 
extra voltcge drop across the resistor; if 
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creasec. if the coupling capacitors are defective; u 1085 Of 
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© low-frequency 


capacitance 
value. A leaky capacitor will likewise cause ‘inptoper bias 
voltages and reduced output. Capacitors usually must nave 


6-B-13 


ELECTRONIC CIRCUITS NAVSHIPS 

Distorted Output. [f the base bids is too high (reduced 
forward bias), the transistor will operate on the lower 
portion of its dyriamic characteristic, and the negative input 
peaks will be clipped (positive collector swings). Likewise, 
if the bias is too low (increased forward bias), the transistor 
will conduct heavily and operate on the upper portion of its 
dynomic characteristic, with corresponding clipping of the 
positive peaks (negative collector swinas). In both cases 
extreme distortion will be caused. If the bias is proper but 
the collector voltege is net, similar effects may be caused. 
If the collector voltage is too high, the negative collector 
swing will be clipped, and if too low the positive collector 
swing will be clipped; in either instance heavy distortion 
will result. An open emitter bypass capacitor will permit 
degenerative feedback to occur, and, depending upon the 
amount, will show either as distortion or as reduced out- 
put. A change in load resistance produced by a defective 
collector or load resistor or by a leaky coupling capacitor 
(causing ¢ heavy shunting of the output load) usually shows 
as a distorted output with reduced volume because of the 
mismatching. Use an oscilloscope to follow the signal 
through the circuit and determine the point at which the 
waveform departs from normal. In most instances the def- 
ective component will then be apparent. Do not overlook 
the possibility that distortion may be occurring in a previous 
stage, merely being amplified by the stage under suspicion. 
Too large an input (overdrive) will cause both positive and 
negative peak clipping with distortion, just as in an elec- 
tron-tube amplifier. Apply a square-wave input from a 
signal generator and observe the output on an oscilloscope, 
Frequency distortion will be shown by a sloping rise and 
fall time (poor high-frequency response); a sloping flat top 
indicates poor law-{requency response. Electron-tube 
techniques for locating distortion may generally be used for 
transistor trouble shooting if the proper voltages and polar- 
ities are employed. 


IMPEDANCE-COUPLED AUDIO AMPLIFIER. 
APPLICATION. 


The impedance-coupled transistor Gudio amplifier is 
used where higher gain than the r-c coupled stage is de- 
sired with better resconse than that provided by transformer 
coupling. 


CHARACTERISTICS 

Uses common emitter circuit for higher gain. 

Operates Class A for linear operation and minimum dis- 
tortion. 

Usually amplifies small signals, but can be designed 
to handle large signals in cascaded stages. 

Is fixed biased from the collector supply, but may use 
self bias in some applications. 

Emitter swomping is normally used for thermal stabil- 
ization. 

Gain is fairly uniform over a range of approximately 
100 to 15,000 cps or more. 

Both voltage ard power gain are high. 
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CIRCUIT ANALYSIS. 

General. The impedance-coupled tronsistor amplifier 
is similar in a general sense to the impedance-coupled 
electron tube amplifier previously discussed in Part A of 
this section of the Hundbook. Use of the cominon (grounded) 
emitter circuit allews use of the analogy that the base of 
the transistor is equivclent tc the electron tube grid, the 
emitter equivalent to the tube cathode, and the collector 
eguivalent to the tube plate. Thus it is clear frem the 
following schematic that the two impedance coupled circuits 
are practically identical, Any differences are due to the 
transistor internal parameters and the taatching requirements 
to obtain maximum output with minimum distortion. 

Circuit Analysis. The following schematic is that of a 
conventional PNP, triede, common-emitter impedance- 
coupled transistor audio amplifier circuit. 


~Yeo, “CC 


mie 


Impedance-Coupled Audio Amplifier 


The input is shown capacitively couvled, and valtage 
divider Rl, RB provides fixed bias from the collector 
supply. E:nitter swamping is provided ty RE for tempera- 
ture stabilization; RE is bypassed by CE, (See section 

3, paragraph 3. 4.1, of this Handbook for a discussion of 
bias arrangements, and caragraph 3.4.2 for a discussion of 
bias stabilizetion methods.) Collector impedance LC is 
the load across which the cutput voltage is developed; this 
voltage is applied through coupling capacitor Cee to the 
output circuit. Resistor R2 is the base-to-ground resistor 
in the next stage when cascaded amplifiers are used, or is 
the output load resistor (such as @ headset) in single-ended 
stages. (In some acplications R2 may be replaced by an 
iron-cored inductor similar to Lc.) 

Normally, the amplifier is a small-signal amplifier with 
the bias fixed ct the center of the transistor dynamic trans- 
fer characteristic. With no input signal a steady collector 
current, IC, flows as determined by the base bias voltage. 
With Rl ond RB connected across the collector supply as a 
voltage divider, a forward (negative) bias is developed 
across RB; this bias is sufficient to cause the quiescent 
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value of IC to flow, even though the collector is reverse 
ticsed, 

When the input signal goes positive, assuming ¢ 
sinewave input, the forward bose bias is decreased instan- 
taneously by the umplitude of the input signal, and collector 
current IC is reduced. The reduction in collector current 
e Li de- 
crease and rise toward the supoly voltage, which is nega- 
tive (this is exactly the reverse of vacuum-tube action); 
hus, a negative-swinging outgut signal is developed. 
mien the input signal becomes negative, it adds to the 
forward base bias and causes LC to increase. The increase 
n collector current through Le produces a large voltage 


he negative cel 
nege 


auses the voltage across collector imned i 
ge across colle 1pe 


eo aiid produces a pesitive swing. Therefore, the 
collector output foliows the invut signai except that is is 
reversed in polarity: when the input signal is positive, the 


Ties catia nean 
The collector 


the collector and igh pnd ag ; doplied through wietiod 
capacitor Cec to the base of the next stage, or to the out- 
pus lead, 

In cascaded impedance-coupied stages the base dias 
resistor and base-to-emitter internel impedance cf the next 
stage transistor offer a sh petween Coup! ling capaci- 
ot Cee and ground. Therefore, the reactance of Cee and 
the total parallel resistance (or impedance) from base to 
ground form a voltage divider across the collector resistor 

f the first stage. If the reactance of the coupling capacitor 
is large, the output voltage is greatly attenuated, and erly 
a ail output appears between base and ground of the 
stage. Since the reactance of Cee vuries versely 
with frequency, tne lower udio frequencies are attenuated 
mere than the higher frequencies. For good low-frequency 
response the coupling capacitor is made sufficiently iarge 
in value that its reactance :s very smell os compared with 
the base-to-ground resistance or impedance. This is similar 
to vacuum-tube practice, where relatively small coupling 
copecitere (such ae 201 mictofarad) are satisfactory, be- 
cause the vacuum-tube crid-te-ground impedence is very 
i Because the transistor base-to-emitter 
S00 ohme), @ 29 
microfareds cr inore is needed to achieve the low impedance 


requires Coane} ala the sighui without éxcessive attenuation 


quency to provide cass boost. 
fobove 15,000 - 


tance of the first stege aa 


ect the second 
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ie frequency-attenuating action produced by the tran- 
sistor cccurs because the width cf the internal transistor 
PN junctions are voltage-sensitive. With higher voltage 
the transition region is narrow, corresponding to the closely 
spaced clates of a capacitor with the associated high 
capacitance. The reverse bias on the collector also reduces 
the width of this transition region, So that tansistors are 
generally characterized by a high interelectrode capaci- 
tance. For example, an audio transistor may have a coi- 
jector-to-bese capacitance on the order of 50 picofarads, as 
compared with a vacuum-tube plate-to-grid capacitance of 
more picofarads. The collector-to-emitter capaci- 
tance is usually 5 to 10 times the value of the Rolfectat> 
to-base czpecitunce {in the common-emitter circuit), ¢ 
coinpared with & picofurads or iess fur vucuuin tube zlate- 
to-cathode capacitence. Thus, it can be seen how the 
fequency response is affected considerably by internal 
transistor saramerers., Of course, any shunt wiring capaci- 
tance and that of the collector inductance wil! also add to 
the shunting effects of the transistor, Both low- and high- 
frequency compensating circuits may be used to increase 
the effective frequency response of the circuit, as discussed 
in Wideband Video Amplifier Circuits later in this section. 

Over the region of 100 to 15,000 cps, the impedance- 
coupled amplifier has ¢ relatively fict response, and with 
proper inatching will afford high power and voltage gains. 
Hence, this form of cougling is employed where good audio 
response is required with a moderate power output (for high 
outuut transformer-coupling is used), The common-base 
contiguratiun is sometimes employed where better high- 
frequency response is desired than that provided by the 
‘er circuit, since the collector-to-base capaci- 
to 1/10 as great. 

Transistor audio omplifiers are also characterized by a 
high inherent noise which is greatest ct the lower audio 
encies. Operction with low values of emtter current 
and low collector voltages, together with iow values of 
input resistance, tends to minimize the noise. By using 
on inductor in place of the base-to-ground resistor (RB or 
R2 in the schematic) a very low input resistance, and a 
lower opis figure over that of the r-c coupled amplifier is 
obtained. fa the common-emitter circuit, degenerative 
etfects te by an unbypassed emitter resistor tend to 
increase the input resistance. Thus, it is conventional 
practice to use large emitter bypass capccitors to avoid 
‘ tty of degeneration. As with the electron 
tune, extemal feedback circuits provide cetter response, 
ler cegeneration moy sometimes ve used 
Since fixed ' bias from the collector supply may be eas. 
“mained ov a simpie voitude divider, il iS used oom 
lorge-and-sall-signal applications. Self-bias is generally 


testicted i use {2 very 


distortion und improper ope: 
ar clocking, may occur on large signals. 


The emitter 
resistor functions mainly as a swamping resistor for tempera- 
ture Stebilization, und prevents large changes in amplifi- 


cation with temperature variations. 
in considering the operation of the transistor impedance 
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impedance-coupled amplifier, it should 5e clear fr 
above discussion that one circuit is an alnost €: 
counterpart (dual) of the other. The difference is that 
transistor stages operute with low input and output imped- 
ances, at iow volteges, and at very low levels of amplifi- 
cation, whereas electron-tube stages cpercte with relatively 
high input and output impedances, at h: 
high levels of amplification. Thus, the transistor is 
basically a current amelifier, while the electron tube is a 
voliage amplifier. Consequently, the transistor requires 
closer matching (rather than mis-matching) of impedances to 
maximum perferinance. 


2 


FAILURE ANALYSIS, 

General, When making voltage checks use a vacuum 
tube voltmeter to avoid the iow velues of multiplier re 
ence employed on the low-voltage ranges of the standard 
20,000 ohms-per-volt meter. Be careful also to observe 
proper polarity when checking continuity with an ohmmeter, 
since a forwerd bias through cny of the wensistor junctions 
will cause a false low-resistance reading. 

No Output. A no-vutcut condition may be coused by an 
open or short circuit, by improper bias or less of collector 
voltage, or by u defective transistor, A voltage check wil! 
determine whether the Lias and collecter voltages are 
nortnal; also, a VTVM will indicate audio input cnd output 
voltages. With the few components involved, simple voltege 
and resistance checks will usually indicate the source of 
trouble. If the bics voltage divider is oper: because retum 
tesistor, RB is defective, the base bias will be sufficient 
to cut off the transistor. With Rl cpen, only contact bics 
exists and the transistor will very likely conduct heavily 
in the saturation region. If collector inductor Lc is open 
there will be no voltage measured between the collector and 
ground. Ii emitter resistor RE is open, the circuit will not 
operate; however, if emitter bypass capacitor CE is shorted, 
the circuit will eperate but it will be temperature-sensitive, 
Likewise, if the emitter bypass capacitor is open, it may 
reduce the output because of degenerative feedback, but 
normally will not cause complete stoppuge of operaticn. 

If the input cousling capacitor or the output capacitor is 
open, no output will be cbtained. Check the inout and 
Output circuits with an oscilloscope; disapyearance of the 
signal will indicate the location of the defective component. 
If the coupling capacitor is shorted or leaky, it will affect 
the base bias if located at the input, but will probeoly not 
be sufficient to stop operation. On the other hand, if the 
output capacitor is at fault, the collector reverse bias 
(which is normally high as compored with the base bias) 
will be applied as full forward bias to the base of the next 
stage and will bias it heavily into saturation; thus, no 
output will result, and the current may be sufficient to 
destroy the transistor. If the coupling ccpacitor is leaky, 
the effect will depend upon the amount of leakage. With a 
slight leakage there may be practically no orserveble 
effect, or possibly distortion; with heavy leckage there 
will probably be ne output. Cf course, if the transistor is 
shorted or otherwise defective, a no-output conditien will 
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placed enly 


ind there is still ne 


o 
+B 


ansister cperation can ce made 


‘forward and reverse resistunces with cn 
mh feverse resistance and low icrward 
ne: the transistor is operable, put does 
not indicate if tre gain is normal. Ge certain to observe 
the cortect sciarities 

Reduced Output. Ixcroser bias voltage cr a change in 
the value ci ¢ component, as weil as a defective transistcr 
can cause reduced output. If the transister gain is low, the 
outsut will also Se low; however, transistors should be 
replaced only after al! other cnecks have been made, unless 
there is gocd recson te suspect that improper voltages have 
ied. If cof the Lose voltaye-divicer zias 
soe! 5 in value, the bics will be either too low 
or too high ond the output will be reduced, with ac- 
companying distortion. A simple veltmeter check will 
determine whether the bias is correct. if the ccllector 
inductor develops a high resistance, the outcut will be 
decteused because of the extro d-c voltage drop across the 
choke. If the coupling capacitors are detective, a loss of 
output at tne low-frequency end cf the spectrum will result 
when the coupling capacitance is less than the design 
value. A lecky capacitor will likewise couse improper 
bias voltages und reduced output. Capacitors usually must 
have one erd disconnected fron the circuit before they can 
be tested zy meens of a standard ccpacitance cnalyzer 
(in-circuit capacitance checkers do not require this). 

Distorted Output. If the base vias is too high (reduced 
forward bias), the trensistor will operate on the lower 
Portion of its dynumic transfer characteristic, end the 
negative input peaks will be clipped (positive ccllector 
swings). Likewise, if the bias is teo low (increased 
forward bias), the trensistor will conduct heavily and oper- 
ate onthe upper portion of its dynamic transfer character- 
istic, with corresponding clipping ef the positive peaks 
(negative collector swings). In both cases extreme dis- 
tortion will be caused. If the bics is proper but the collec- 
tor voltage is net, similar eifects may be caused. If the 
coliector veltage is too high, the negative collector swing 
will be clipped, and if too low the positive collector 
swing will be clipped; in either instence heavy distortion 
will result. An open emitter bypass capacitor will permit 
degenerative feedback to occur, and, depending upon the 
amount, will show either as distcrtion ot as reduced output. 
A change in loud resistance produced hy a defective collec- 
tor choke o: locd resistor, or by a leaky coupling capacitor 
(causing a heavy shunting of the output load) usually shows 
as a distorted cuteut with reduced volume because of the 
mismatching. Use an cscilloscore to follow the signal 
through the ci: and determine the point at which the 
waveform desarts from normal. In most instances the 
defective component will then be apparent. Do not overlock 
the pessiiility thot distortion may be occurring in a previous 
stage, merely being amplified by the stage under suspicion. 
Too large an input (overdrive) will cause both positive and 
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negative peak clivping with distortion, just as in a electron- 
tube amplifier. Apply a square-wave input from a signal 
generator and observe the output on an oscilloscope. 

» distortion g rise ond 


high-frequency response); a sloping flet top 


poor 


ing distortion may generally be uv: 
ing distortion may generally be us 


ig 
transistor trouble shooting if the proper voltages and 
polarities are employed, 


TRANSFORMER-COUPLED AUDIO AMPLIFIER. 


The transformer-coupled transistor aucio amplifier is 
used where higher cain and power output than that provided 


and wrere the reduction in 


ated. 


CHARACTERISTICS. 

Uses common emitter circuit for higher gain. 

Operates Class A for linear operation anc minimum 
distortion. 

Usually amplifies smal! signa!s, but can. be de: 
handle large signals in cascaded stages. 

Is fixed-biased from the collector supply, but may use 
self-bias in some applications. 

Emitter swamping is normally used for thermal sto- 


case! 


bilization. 

Gain is fairly uniform over a range of appzoximateiy 100 
to 10,000 eps or more. 

Both voltage and power gain are high. 


CIRCUIT ANALYSIS. 

General, The transformer-coupied transistor am 
is similar in general to the transformer-coupled electron- 
tube amplifier previously discussed in Part A of this section 
of the llandbock. Use of the common-emitter (grounded- 
emitter) circuit permits the assumption that the base of the 
transistor is equivalent to the electron-tube grid, the 
sitter is equivalent ts the tut © < 


is equivalent to the tube plate. clear from the 
foliowing schematic that the two transformer 


ments ta ohiein maximare outoat with 


Circuit Operation. 
that of a conventional 
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OUTPUT 


Transformer-Coupled Audio Amplifier 


The input is shown transformer-coupled through Ti, and 
voltage divider 81, RB provides fixed bi 
supply. Emitter swamp: a 
stabilization; RE is bypassed by CE. 
Paragraph 3.4.1 of this Handbook for a discussion of bias 
arrangements, ond paragraph 3.4.2 for a discussion of bias 
stabilization methods.) The output is transformer-coupled 
through T2. 

The use of Ti to apply the input sisal to the dase cir 
cuit provides an almost idecl temperature response charac- 


@ icw base input resistance, and, when usec with emitter 
swamping resistor RE, ony variation in gain with tempera- 
ture is reduced to a very small value over a large range of 


ter than for amy sther type of coupling 


temperatures (a! 


circuit). Normally, transistor Qi rests in its quiescent 
condition, with Class A bias provided by voltage divider Rl, 
RR. The sniescent collector current, Ic, is steady, pro- 
ducing only ¢ small constant voltage drop across the ori- 


3-26 input signal or prise}. 


al d into the in- 


® hase of 


eccrean’ 15 connected, 


in-phase with the crimary, a positive increase in voltage 
base. This nositive yoitane 


ying cancels 


coll 


3 
wr 


ics, and a redu 


Cqsuy 


culleni Gecuis. AS ine instantuneses collect: current de+ 
s, the crimary vottaqe drop aise decieases, unc 
taqe to tise toward the negctive supply 


while, the reducine cailectar current induces 


G voltage in the secondar 
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current produces a necative voltage swing in the secondary, 
anc an increasing current produces a pasitive swing. 

The emitter current flowing through RE is the steady 
quiescent value, and any change in base bias with input 
signal is bypassed arcund the emitter resistor through 
capacitor CE, Although the capacitor will not pass the 
quiescent d-c current, it will pass the alternating audio 
voltage produced by the changing input signal. Thus, only 
dec current changes flowing through RE (the thermally in- 
duced changes caused by temperature variation) produce an 
emitter bias. This emitter bias is in a direction which 
causes a reduced flow of emitter current, since it reduces 
the forward bias and hence reduces the collector current 
back to the original value so that it appears unchanged. 

If the emitter bypass capacitor were not used, the input 
siqnal voltage would produce a degenerative effect, since 
all collector and emitter current would be forced to flow 
through the emitter resistor. 

Consider next the negative swing of the input signal. 

In this instance, the forward bias on the base element is 
increased (the two neqative voltages add), and a heavy 
collector current flow occurs. The increasing ic through 
the primary of T2 induces a voltage into the secondary. 
Assuming the same in-phase connection of the primary and 
secondary, the output voltage is positive. 

Note that this action is similar to that of the vacuum 
tube amplifier, except that it is opposite, That is, a posi- 
tive input to on electron-tube grid increases the plate 
current, whereas a positive input to a PNP transistor base 
element reduces the collector current. In each instance, 
however, the polarization of the output is opposite that of 
the input. By changing the connections of the secondary 
winding of either Tl or T2, the signal can be changed so 
that it is of the same phase at both the input and the output; 
this is an advantage of transformer coupling. 

Since the secondaries of Tl and T2 are not connected 
to their primaries, the transformers offer a convenient 
method of separating input or output signals from bias or 
collector voltages. By using the proper turns ratio, the 
primary and secondary impedances may be matched. In the 
base circuit the input resistance is matched, giving max- 
imum gain, likewise, in the output circuit the proper turns 
ratio reflects the secondary load impedance into the pri- 
mary, which, when added to that of the transformer primary 
itself, provides a matched load for maximum output. 

Normally, the transformer-coupled stage is operated in 
the middle of its wansfer characteristic to produce linear 
amplification, It is also a small-signal amplifier when used 
in preamplifier stages. In following cascaded stages it 
becomes a large-signal amplifier, operating with a larger 
bias over the linear range of its transfer characteristic. 
When necessary, bias resistor RB is bypassed to ground 
with a large capacitor to prevent audio sianal voltages from 
causing the bias to change with the siqnal, particularly in 
high-gain and large-signal amplifiers. 

In cascaded transistor amplifiers the load on the second- 
aty of T2 is the base resistence of the next transistor. 
Since this is resistive rather than reactive, there is less 
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ftequency distortion that would occur in on electron tube, 
where the load is predominatly reactive (even in cutput 
stages the speaker is a varying reactance). In low-power 
stages the flow of reverse (leakage) current, lceo, through 
the collector-to-base junction becomes important when it is 
a large percentage of the total operating collector current. 
Thus, the designer chooses a transistor with as large 

a beta as is possible, and as small a leadage current as 
can be obtained, in order to get the most gain with the 
least leakage current. (The flow of reverse current does 
not occur in electron tubes.) 

The frequency tesponse of the transformer-coupled 
amplifier is lower than that of the resistance-coupled or 
impedance-coupled transistor audio amplifier. There is 
more shunting capacitance than in resistance coupling 
because of the transformer distributed turn capacitance, 
and there is a leakage inductance between the primary ond 
secondary which does not exist in the impedance-coupled 
stage. The accompanying fiqure shows the equivalent 
circuit of a transformer-coupled stage and the factors that 
affect the response. 


be 
RI —_ R2 


Transtormer Equivalent Circuit 


In the figure, resistors Rl and R2 represent the dec 
primary ond secondary resistance, respectively. These 
resistances must be kept low since they are ohmic losses; 
also, the full collector current usually flows through Rl. 
Therefore, the slope of R1 determines the d-c load line, 
and the transformers are designed to have a primary resist- 
ance of from 200 to 800 ohms for proper matching of tran- 
sistors. Inductances Lp and Ls represent the magnetizing 
inductances of the primary and secondary transformer wind- 
ings, respectively, The primary inductance is usually made 
from 2 to $ times load resistance RL for good low-frequency 
response. However, the lower the frequency the less the 
inductive reactance, so that the response tends to drop at 
low frequencies. Capacitors Cp and Cs represent the 
shunting capacitances of the primary and secondary wind+ 
ings, respectively. These include the shunt base-to-qround 
and collector-to-ground capacitances of the transistor, which 
are also large. Therefore, the high frequencies tend to be 
shunted to ground. Cp, Le, and Cs in combination form an 
effective low-pass filter, so that the high frequencies are 
attenuated (Le is the leakage inductance between the pri- 
mery and secondary). In substance, then, we see that the 
high-frequency response is primarily determined by the 
combination of shunting capacitance with load resistance 
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and leakage inductance, while the low-frequency response 
is determined by the combination of load resistance and 
magnetizing inductance. In addition, the shunting cap- 
acitance and inductance form resonant circuits which produce 
humps in the response curve. Practically speaking, the 
response is very similar to that of the electron-tube trans- 
former-coupled audio stage, with somewhat less high- 
frequency response. Loss of low-frequency response as 
compared with the electron-tube circuit becomes apparent 
when miniaturized transformers are used, because of the 
difficulty of building transformers with a sufficiently large 
iron core to provide a high inductance with the limited 
number of turns available in the space allocated. 

Despite the apparent iuss of response in the transistor 
transformer-coupled amplifier as compared with other forms 
of coupling ond the use of electron tubes, relatively good 
response is obtained by using more stages and low-cn 
high-frequency peaking circuits where necessory. A max- 
imum efticiency of about 50 percent is obtained as compared 
with 25 to 30 percent for resistonce-coupled stages. 


FAILURE ANALYSIS. 

General. When making voltage checks, use a vacuum- 
tube voltmeter to avoid the low values of multiplier resist- 
ance employed on the low-voltage ranges of the standard 
20,000 ohms-per-volt meter. Be careful also to observe 
polarity when checking continuity with an ohmmeter, since 
a forward bias through any of the transistor junctions will 
cuuse u lulse loweresistunce reuding. 

No Output. A no-output condition may be causea by an 
open-or short-circuited transformer winding, by improper 
bias or loss of collector voltage, or by 9 ¢efective transistor. 
A voltage check will determine whether the bias and collec 
tor voltages cre normal; also, a VTVM will indicate cudio 
input and output voltages. With the few components involved, 
simple voltage and resistance checks will usually 
the source of the trouble. If the bias voltage divider is 
open because return resistor Re is defective, the base bias 
wili be sufficient to cut off the transistor. With Hi open, 
only contact bias exists and the transistor will very likely 
conduct heavily in the saturation region. If the primary of 
Ti is open, there wiil be no voltage measured between tne 
collector and ground. If emitter resistor R& is open, the 
circuit will not operate; however, if emitter bypass capacitor 


ath Op 


ptNned. Check tne in- 


pearance: 


a no-output condition will occur. However, the transistor 
should be replaced only atter ali other checks have been 
made and there is still no output. A rough check of tran- 
sistor operation can be made (if the tan. 


sister can be 
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and reverse resistance with an chmmeter. A high reverse 
resistance and low forward resistance indicates that the 
transistor is operable, but does not indicate whether the 
gain is normal. Be certain to observe the correct polar- 
ities. 

Reduced Output. Improper bias voltage or a change in 
the value of a component, as well as a defective transistor 
of transformer, can cause reduced output. If the transistor 
aain is low, the cutput will also be low; however, transistors 
should be replaced only after all other checks have been 
made, unless there is good reason to suspect that improper 
voltage have been applied. If either of the base voltage 
divider bias resistors ¢: 
eiliet tuv tow UF wwe tigi und We Uutpul will be reduced, 
with accompanying distortion. A simple voltm 
determine whether 
winding of T2 develops a high resistance, the output will 
be decreased because of the extra dec voltage dcp . 

Distorted Output. If the base bias is too high (reduced 
ferward bias), the transistor will operate on the tower portion 
of its dynamic transfer characteristic, and the negative in- 
Put peaks will be clipped (positive collector swi 
Likewise, if the bias is too low (increased forward bias), the 
transistor wil! conduct neavily and operate on the upper 
portion of its dynamic transfer characteristic, with corre 
sponding clipping of the positive peaks (negative collector 
swings). In both cases extreme distortion will be caused. 

If the bias is proper but the collector voltage is not, similar 


Tes : 
be 


ws in value, the bics wili be 


blus is correct. If the 


ye is tuo high, 
the negative collector swing will be clipped, and if too low 
the positive collector swing will be clipped; in either in- 
stance neavy distortion will resuit. An open emitter bypass 
capacitor will permit degenerative feedback to occur, and, 
depending upon the amount, will show either as distortion 
of as reduced output. A change in load resistance produced 
by 2 detective output transformer (T2) or a load resistance 
change usually shows as a distorted outout with reduced 
volume because of the mismatching. Use an oscilloscope 
to foliow the signai through the circuit and determine the 
point at which the waveform departs from normal. In most 
instances the defective component will ther, be apparent. 
Do not overlook the possibility that distortion may be 

ccutring in a previous stage, merely being amplified by 
the stage under suspicion. Too iarge an input (overdrive) 

= and negative 4 

an electron-tube ampli Apply o 


al serorator an 
val gonorater or 


oscilloscope. Frequency dis 
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AUDIO POWER (CLASS A, AB, AND 8) AMPLIFIER, 
PUSH-PULL, TRANSFORMER-COUPLED. 


APPLICATION. 

The push-pull transformer-coupled transistor audio 
amplifier is used where high power output and qood fidelity 
are required. For example, it is used in receiver output 
stages, public address amplifiers, and AM modulators. 


CHARACTERISTICS. 

Collector efficiency is high with moderate power aain. 

Requires twice the drive of a single transistor stage. 

Power output is more than twice that of the single 
transistor stage. 

Second and higher even-order harmonic distortion is 
cancelled. 

Distortion varies with the class of operation; it is 
least for Class A operation, and greatest for Class B 
operation. 

Collector efficiency varies with the class of amplifier. 
from 50 percent maximum in Class A to 78 percent maximum 
in Class B, with an intermediate value for Class AB. 

Fixed bias is usually used, but self-bias may be en- 
countered in some Class A applications, 

Operates as a large-signal amplifier for all except 
very small inputs. 

Emitter swamping {s used for thermal stabilization. 


CIRCUIT ANALYSIS. 
General, The push-pull transformer-coupled transistor 
amplifier is similar in general sense to the push-pull 
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Push-Poll Transformer-Coupled Transistor 
Power Amplifier 
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transformer-coupled electron tube audio amplifier discussed 
in Part A of this section of the Handbook. Use of the 
common (grounded) emitter circuit allows use of the ana- 
logy that the base of the transistor is equivalent to the elec- 
tron tube arid, the emitter equivalent to the cathode, and 
the collector equivalent to the tube plate. Examination of 
the accompanying schematic reveals that the transistor 
push-pull circuit is practically identical to the electron 
tube push-pull circuit. Any differences are due to the 
transistor internal parameters and the matching require- 
ments to obtain maximum power output with minimum 
distortion. 

Push-pull amplifiers can be operated Class A, Class 
AB, or Class B, as determined by the amount of forward 
bias. Like the electron tube push-pull circuit, the least 
amount of distortion and power output is produced in Class 
A operation, and the greatest amount of distortion and 
power output is obtained in Class B operation, Class AB 
stages operate between these levels of distortion and power 
output. Fora given equipment and type of transistor, 
selection of the operating bias, distortion, and power out- 
put is a design problem. The following discussion will 
cover each type of operation; although the different types 
of operation are similar, there are siqnificant differences 
among them. 

Clreuit Operation, The following schematic shows a 
PNP push-pull, transformer-coupled output stage. The 
load resistance may be a loudspeaker, a Class C r-f stage, 
or other type of load. The load is considered to be resis- 
tive unless stated otherwise in the text. 


(OUTPUT) 


6-B-20 


ae 


ELECTRONIC CIRCUITS NAYSHIPS 
The input signal is applied to the base of both tran- 
sistors through transformer Tl. The polarity for the 
positive half-cycle of input is snown on the schematic to 
facilitate proper understanding of the operation. 
when the top end of the secondary of Tl is pcsitive, the 


vottom end is negative. Thus, equal and oppositely 
poicrized signcis cre applied to the base of transistors 91 
and Q2 when an input signal appears in the primary of TL. 
The input signal is obtained from a preceding driver 
power amplifier stage. Very little power is required for 
Class A operation; ee more drive power is re~ 


quired for Cless AB Class B operction, The actual 
amour: of drive Sie: needed depends upon the circuit 


percent onsformer input coupling is used 
top ive power and proper matchir. 
dtiver stage. Fixed bias from the collector supply is ap- 
pu ifough voltage divider resistors Hi and RB. Hesisturs 
Re, und RE, ure the emitter swamping resistors, which are 
left unbypassed to provide a slight amount of degeneration. 
Refer to Section 3, paragraph 3.4.1, of this Handbook for 
a discussion of bias arrangements, and to paragraph 3.4.2 
for a discussion of bias stabilization methods. The collec- 
tor load consists of the primary resistance of output 
transformer T2 plus the resistance retlected fro: the load 
connected across the secondary. 

Class A Operation. With no input signal, the stage is 
resting in its saul escent Recta cers heavy collector 


of the cu 
maxin 


Since no Inge me S, KO Output 
voltage is induced in Se secondary of :TD. Assuming 
positive input swing on the sase of Ui ond cn in-phase 
connection of TI, the pusitlie voltage of the signal sub- 
tracts from the norma} forsard (negative) bias, effectively 
reducing the base bias and causing less collector current 
to flow in Qi. As the collector current is reduced, the 
shanaing lines of magnetic flux between the primary and 
secendar ry of T2 induce a voltage in the secondary. At 
the peak of the input signai, the collector current of O1 is 
reduced to a smali value, and the collector me 
aoproaches the supply voltage (reaches its m st negative 
vuiue). 3, the common emitter circuit nukes the 


polarity of the ouput signal opposite that of the input 
signai. Simuitaneously, the input Signai in Ti is appiied 


an increase fr. the 


These incucec output voltages 2re combined in the second- 
ury of T2 to produce the effect of ac 
equivaient to twice tnat of c singie transistor. Note that 
the that occurs in the 
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plate) load impedance is also four times the load, since 
the primary-te-secondary turns ratio is based on a one-te- 
one ratio of half the primary to the secondary. 

During the negative half-cycle o! 
sion, the opposite action occurs. The ne 


the negative forward bias and i 


Ql. 
ve ot the same time Q] is driven raative The 
ve increase in the input signal reduces the forward 
bias and causes the Q2 collecter current to decrease. 
Again, the net result is the some as if twice the cojlector 
current cf a singie stage were involved in flowing through 
T2. Note also that the collector current 
tions through the two halves of he ay 
that any inphase primary-induced voltage components are 
cancelled out (secend and al! even harmonics); thus, the 
output voltage induced in the secondary consists of the 
fundamental c: The 


manner in which the second: barra component is can- 


celled out in the secondary is shown in the following illus- 
tration. In part A of the figure, the positive signal is 
enhanced by the second harmonic, while the negative 
signal is reduced. In part B, the opposite action is shown 
for the second half-cycle of operation. The separate 
resultant waveforms are shown in part C. In part D, they 
are combined together to form a complete amplified signal 
with no second-harmonic content. 

For Cless A operation, maximum output efficiency and 
the least dissipotion are obtained with maximum signal 
swing. To make certein that the power dissipation ratings 
of the transistor are not exceeded, only half the maximum 
permissitie coliector voitege is applied, since the apehed 
voltage tends to doutle because of the inductive effect of 
the transformer. For Class A operation, the transistor is 
biased and operated at the center of the forward transfer 
characteristic curve, so that equui base current swings wiil 


flows in opposite 
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FUNDAMENTAL PLUS 2ND HARMONIC ign 


INO HARMONIC 


RESULTANT 


ter # hoa 


Elimination of 2nd Harmonic 


produce approximately equa! collector current swings; 
thus, it functions as a large-signal amplifier. Since a 
large-signal amplifier operates over a much greater range 
of current and voltage than a small-signal amplifier, circuit 
design is eccomplished graphically, using the actual 
transistor currents to determine the.range over which mini- 
mum distortion and maximum power cutput can be obtained, 
Usually, the transistor is slightly less linear than the 
electron tube, but with good design its operation compares 
favorably with electron tube operatior.. 

Since much heat is dissigated at the collector for large 
power outputs, the shell of the power transistor is usually 
connected firmly to the chassis for direct conduction and 
teduction of heat (chassis acts as a heat sink). Where the 
shell must be insulated from the chassis, it is usually 


separated by a thin wafer of mica (or other suitable material) 


to provide insulation and yet allow full heat transfer. 
Whete minimum distortion is required, the transistors 

are selected in matched pairs, as is true with electron 

tubes. Because of the hich power-handling capability 


CHANGE | 


0967-000-0120 AMPLIFIERS 
tequired for Class A operation, transistors are usually 
operated Class B or Class AS. 

Closs 8 Operation. In true Class B operation, the 
bias is such that no collector current flows for one-half of 
the cycle. Thus, each transistor reproduces only half of 
the cycle, and two transistors are required to faithfully 
teproduce any signal (an exception is the Class B r-f 
amplifier, discussed later in this section, which uses a 
tank circuit and amplifies only a single frequency). Since 
at cutoff a reverse current flows in the transistor, collector 
current is never completely cut off, and a small quiescent 
current flows during the inactive half-cycles of transistor 
operation. (This quiescent reverse current should not be 
confused with the small forward current which flows in 
Class AB operation because the bias is not ct cut off.) 

For two transistors completely biased off, the forward 
transfer characteristic is as shown in the following illus- 
tration. The two tansfer curves are placed back-to-back 
to make the complete dynamic operating curve. Note how 
this curve is rounded off at the beginning and at the end 
instead of being a straight line. This is typical of the 
nonlinearity obtainable at cutoff, and illustrates why Class 
B operation produces the greatest distortion. 


ig, 


lea 


Composite Current Transfer Characteristic, 
Class B Operation 


The accompanying circuit is that of a typical Class 
8 stage operated with zero bias. Emitter swamping resis- 
tors Rl and R2 are used for thermal compensation, and 
are unbypassed to provide a slight amount of degeneration. 
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Class B Push-Pull Stage 


Note here one of the differences between the electron 
tube and the transistor. At zero bias the conventional 
electron tube conducts heavily, and it is necessary to 
apply considereble negative bias to achieve Class B oper- 
ation. On the other hand, ah tonsistor ed nts the 


collector reverse-biused; 


base bias (that is, at zero bias), no collector current can 
flow. in this respect the transistor is similar to specially 
constructed Class B (zero bias) electron tubes. 

When a signal is applied tc input transformer Tl, ¢ 
voltage is applied to the base of transistor Gl and an 
an oppositely polorized voltage is applied to the base of 
Q2 (the polarity for the initiel half cycle is shown on the 
schematic]. With transistors Q1 and Q2 at zero bias, only 
reverse leckage collector current flows in the absence of 
a signal. When the input signai is applied, the fiow of 
current in the primary of Tl induces an oppositely polarize? 
signal on the base of Q1 (transformer connected out-of- 
phase), Thus, tne positively swinging input appesrs us 5 
negative (forward) bias on the base of Ql, causing collector 
current to flow in the top half of the primary of Ye, and in- 
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the entire half-cycie O1 cond 

aa z Las pera 
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is applied to cut off Vi collector current, und forward o1as 
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G2) Cotsanant, Qocandc 


vero 
ap ubpued t 


primary of [2 induces a voitage in the secondary oi the 
output transformer. Quring this half-cycle Q1 remains cut 


off while Q2 conducts. Thus, Qi and Vz alternately con- 
y gral otoduces a forward bias. Since 


Gi one QZ are combined in the secondary of 
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amplified form, but of opposite polarity. If the output 
transformer is connected in-phase, the same polarity of 
output exists as in the ary; when it is connected 
out-of-phase, the oj y exists, This trans- 
former action is identica! with that occurring in the electron 


shesull circuit. 
tube push-pull circuit. 


Since there is no heavy How o! 
no signal is apolied, maximum Agcipation occurs during 
the signal {at about 40 percent moximum collector current), 
and less heat is developed for the same signal os in a 
Class A amplifier. Hence the transistor can be driven 
harder to cbtain greater efficiency and more power output 
than is cbteined in the Class A stage. The flow of reverse 
teqakage collector current recresents @ loss of elfiviency 
since no il action is produced by this ittert, Such 
current flow does net exist in the electron tube. To mini- 

loss = for a low ICEO. 


ze this lose, 


ern tare 
at when 


ally oan aid tik teverse “palecae eure increases. 
Emitter swamping resistors Rl and R2 provide a small 
opposing bias voltage to prevent thermal runaway. They 
are not bypassed with capacitors as in Class A operation 
because the capacitors would charge during the operative 
half-cycie and discharge during the inoperative hali-cycle, 
thus causing a change in bias. Because of the large peak 
current which flows through these resistors, they are kept 
to a very low value of resistance to prevent excessive 

< of amplification. In some appli- 
selection of transistor types and good 
design they are not needed. In any event, when used, 
their main function is to provide thermai stabilization; any 
beneficial degeneration which may uccur from their use is 
only a secondary consideration. Ctherwise, they have no 
effect on the operation of the circuit. 

Since the transistors operute alternately in Class B 
operation, there is no basic cancellation of second and 
even-order harmonics in the output transformer as in Class 
A operation. There is, however, an increase in third- 
haraionic distortion produced when the waveform passes 
through zero his is known as crossover distortion), The 
development of this tyge of distortion is shown by projecting 
@ siné-wave input signal on the transfer characteristic 
curve, as shown in the ackonesnyiig illustration, The 


st the tase Emitter saree ror! 
the tran ISiStOIs, oF ‘what emeunts to operation as a Class 
f is used onlv when the 
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Development of Crossover Distortion 


Class AB Operation. The schematic of the Class AB 
amplifier is basicaily identical with that of the Class A 
amplifier shown previously. The only difference is that 
bias voltage divider resistors Rl and RB are of different 
values. Only a slight forword bias is applied, and only a 
small collector current flows with no signal applied. 

While this current is essentially wasted, it does eliminate 
the crossover distortion which would be produced if the 
bias were reduced to zero. It is evident, then, that Class 
AB operation produces slightly less output than Class B 
operation. Because of the small resting current, the 
transistor con be driven harder than the Class A stage; 
consequently, greater output can be obtained than for 
Class A operation. The efficiency averages about 65 per- 
cent for a well designed Class AB stage. 

The small resting current, like the average current 
drawn in Class A operation, cancels out the flux in the 
primary of the output transformer (each side flows in a 
different direction), and there is no output produced until 
a signal is applied. When the input signal is applied, Q1 
conducts and Q2 is driven to zero conduction on one half- 
cycle, while on the other half-cycle Q2 conducts end Q1 
is driven to zero, The resultant signal swings are unequal 
and considerable second-harmonic distortion is produced 
in the primary cf the output transformer; however, it is 
canceled out in the secondary when both signals are com- 
bined (assuming that the transistors are fairly well matched,. 
Thus, only fundamental and third-harmonic distortion can 
exist in the output. This form of operation is identical 
with Class A operation except that more odd-harmonic 
distortion is produced because the transistors operate for 
less than 360 degrees of the cycle. 

The accompanying illustration shows the composite 
transfer characteristic for a typical Class AB stage. When 
compared with the trensfer curve for the Class B stage 
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shown previously, it is evident that the operation is more 
linear except for very large signal swings. 


ig 


ig’ 
Composite Current Transfer Characteristic, 
Class AB Operation 


Projection of the input signal on the composite trans- 
fer curve shows the collecter output, which, when com- 
pared with that of the Class B stage shown previously, 
indicates the improvement in fidelity obtained with Class 
AB operation, and the total elimination of cross-over 
distortion. 
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FAILURE ANALYSIS. 

General, When making voltage checks, use a vacuum 
tube voltmeter to avoid the low values of shunting resist- 
layed on the low-voltage ranges 
careful also to sutcts proper polarity when checking 
continuity with the ohmmeter, since a forward bias through 


any of the transistor junctions wil! couse a false low- 
resistance reading, 

No Output. A no-cutput condition can be caused by an 
cepen circuit in either the input transformer, Tl, or output 
transformer, T2, or in the swamping resistors, RE, and Rr, 
as well as by lack of supply voltage. The supply voltage 
can be checked with a voHmetet and lack of collector or 


buse Lids volttye can Gina be Sa, Portree 
checks of the teansformers (WT7 TH THE POWER TURNED 
OFF) will determine whether one or more of the windings 
are open, and the resistors can be checked ior proper 
stance with the oummeter. Normally, failure of the 
transistors will net cause complete loss of output ee 
both transistors fail completely. 

Low Output. Lack of sufficient drive power, low 
supply voltage, improper bias, or a defective transistor 
can cause reduced output. The supply voltage and bias 
can be checked with a voltmeter. Lack of drive power can 
be determined by opserving the waveform with an osciilo- 
scope and noting whether there is sufficient drive to 
cause eventual flct-topping or bottoming of the output 
waveform. A shorted or inoperative transistor can also 
cause low output, Denending upon conditions, removing 
the transistor (from a plug-in socket) will either increcse 
or reduce the output. In the case of a sherted transistor, 


the cutout will probably increuse when iti 
transistor with low gain of poor p seviorncnee; when removed, 
will probably cause further reduction of the output. If the 
shorted transistor is left in the circuit and the good one is 
removed, there will al: 
it can be seen ny where a transistor is guepected: both 
transistors should be replaced with ones know to be good 
in order t whether the ou put comes un to 


normal. Further checking with a transistor tester will 


determine the defective one. 


Distorted Outpur. Distorted outout miny be caused 4 
lack of proper se or supply voltage, by underdrive or 


Glau hewn, deereusecliehesonteut, “Tog 


peux of the inpur signul, and if itis tec low, collector 
bottoming wil! produce the same etfect at the troughs of 


nestor 


wind Birten lente Gon. Bet 
chee! ked with an ohmmetor, while the bias and veltege can 
be checked witit a vultinetel. In Ciuss A or Class AB 


ait ee ‘ ede Bt i output 


tortion. Use on cagilloes 


cheexing from: in 
from no 


Jut ta o 
e ot the trouble will usuaily be 
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AUDIO POWER AMPLIFIER, PUSH-PULL, 
SINGLE-ENDED COMPLEMENTARY CIRCUIT 


APPLICATION. 
The push-pull, single-ended complementary sudic ampl 
1 is used where h power output ond fidelity are re 
quired. For example, itis used in receiver autput stages, 


in pu lic address amplifiers, and in AM modulators, where 
reduced wei git and space is c prinie requirement. 
CHARACTERISTICS. 


Collector efficiency is high with moderste power gain. 
Requires only half the drive of the conventional push- 


nll amplitter, 
all Spl itewe 


Power output is twice that of a single transistor stage. 
© indut oF Output Uansivrmer is used. 


crtien varies with the clas 


& 


{ eperation 


5 ali sy 
Rael iy ta 
in some applications. 
Fixed bi y used, but self-bias may be en- 
countered in some applicat 


ons, 


CIRCUIT ANALYSIS. 

General, Complementary sy::m 
sistors, dhdhas no erectron-iube unterpart. Recall from 
basic theory that a transistor may be either the PNP or 
NPN type, and that the bias and polarities are opposite. 
Thus, two different types of transistors may be used back- 
to-back to provide push-pull operation without the necessity 


tor phase-invertin inout and outpu 


is unique with trane 


ed since the reactive effeuts of the transic! 
remeved Hes the circuit. 


W 
Jed Pushepuls oc 


circuit. The ‘operation is Class B at zero Age: 


Zero Bias Complementary Symmetry 
Push-Pull Circuit 
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Resistance-capacitance input coupling is used, with 
Cee acting as the coupling capacitor and RB as the base 
return resistance across which the input signal is applied. 
With both emitters grounded and no bias applied, the bases 
of the transistors are zero-biased at cutoff. No current 
flows in the absence of an input signal. When an input is 
applied, both bases are biased in the same direction. 

Since Q1 is an NPN transistor, the positive-qoing input 
signal produces a forword bias. Q2 is a PNP tiansigtor 
and requires a negative potential for forward bias; the in- 
put signal has no effect other than to reverse-bias Q2 and 
hold Q2 in a cutoff condition. Thus, during the positive 
half of the input signal only Q1 conducts. During the neqa- 
tive portion of the input signal Q] is biased off beyond 
cutoff by a reverse bias, and a forward pias is applied to 
Q2, causing collector current to flow for the entire negative 
half-cycle. Thus, each transistor conducts alternately for 
half of the cycle, and two transistors are required to re 
produce the input signal. Note that the bases are connected 
in parallel, and, since only one transistor operates at a 
time, only enough drive for a single stage is required in- 
stead of twice the drive as in normal push-pull operation. 

Because the transistors are of opposite types, two equal- 
voltage collector power supplies are required, one negatively 
polarized and the other positively polarized. (A single 
supply can be used with proper circuit changes, but twice 
the collector voltage of a single stage is required.) The 
load resistor, RL (which may be the voice coil of a loud- 
speaker), is connected from the common connection between 
the power supplies and the emitters. In this instance the 
emitter end is grounded, so that the power supplies are 
actually floating above ground. When the input signal is 
applied and develops an output for each half-cycle, the 
output is added together in the common load and no trans- 
former is required. To develop maximum power, a low- 
impedance is needed. Otherwise, if high-impedance loads 
are used, an output transformer will be required for proper 
load matching. In this instance, however, the winding need 
not be center-tapped since the output is single-ended. 
Because the output is single-ended (taken between the 
collector and ground), the collector load is calculated on 
the basis of the full primary-to-secondary turns ratio — not 
on one-half the primary-to-secondary turns ratio as in the 
conventional push-pull stage. Thus, the loading is 1/4 
the normal push-pull output, which accounts for the low- 
impedance output . 

In most electron tube or transistor circuits it is nec 
essary to separate the d-c component in the output from the 
output from the a-c component by capacitive or transformer 
coupling (except in the special case of the d-c amplifier). 
In the complementary symmetry arrangement such provisions 
are unnecessary. Both d-c power supplies are connected in 
series with the transistors, and only one transistor is opera- 
tive at a time; thus, there is no net flow of de around the 
circuit. When Q1 conducts, there is a flow of current througt 
RL, the transistor, and the power supply in one direction. 
When Q2 conducts, the flow is through RL, Q,, and the power 
supply in the opposite direction; thus, there is no circulat- 


CHANGE 1 


0967-000-0120 AMPLIFIERS 
ing current, and the dec is effectively removed from the load 
circuit since only the continuously varying d-c component 
flows through the load. Likewise, in the base circuit there 
is no continuous flow of de, since the current flows out of 
the base when Q2 conducts, and into the base when QI con- 
ducts. Therefore, the charging and discharging of the cou- 
pling capacitor and its possible effect on changing the base 
bias are of no consequence in this circuit. 

In the preceding discussion it was assumed that the 
transistors are balanced (or matched), having identical 
gain and collector currents. Like the conventional push- 
pull amplifier, this matching is necessary to obtuin maxi- 
mum output with minimum distortion. Unlike the electron 
tube circuit, which uses identical plate voltages and 
matches the plate current, the complementary symmetry cir- 
cuit has identical collector (plate) currents since the tran- 
sistors are series-connected and the biasing is adjusted 
to equalize the collector voltages. In the case of Class A 
or AB operation, the bias point in the base circuit is affected 
by drive and base current drain . Thus, keeping the signal 
from affecting the bias is one of the important design prob- 
lems. So for as the technician is concerned, the practical 
effect is that with better design less distortion is obtained, 
with a maximum of amplification. 

While the common-emitter circuit is used in most tran- 
sistor amplifiers, better performance is obtained from the 
ccommon-collector circuit when complementary symmetry is 
employed. Although the over-all gain and output are slightly 
less, the stability of the circuit is improved; the collector 
supply can be grounded in-stead of floating (which reduces 
power supply ripple), and the effect of neqative feedback is 
obtained, thus requiring less closely balanced transistors 
and improving fidelity and response characteristics. Both 
circuits are identical except that the ground is removed trom 
the emitters and placed on the common power supply con- 
nection, as shown in the accompanying schematic. 


OUTPUT 


a 


Common (Grounded) Collector Complementary 
Symmetry Push-Pull Circuit 
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As in other common-collector circuits, no polarity inversion 
of the output signal occurs, so that the inputs ourputs 
are of the same polarity. In operation, the ci functions 
the same manner as the common-emitter push-pull comple~ 
mentary’ metry amplifier previously described. Only one 


franslstet Operates at a ume, zero bias is employed, and 
the output ] 


i 


tough O1, power gal eee and load 

resistor Ri. in one direction, ond through Vee,, 02, and RL 
in the Opposite direction, as the transistors are altemately 
by the input signal. There is one differ 
, in that more input (drive) voltage is required 


current flo. 
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Complementary Symmetry Push-Pull Amplifier 
with Common Power Supply 
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emitter complementary symmetry circuit. nc forward 
bias is applied by the signal, the tronsistor conducts. With 
a sine-wave input siancl applied, a sine wave of current 
flows (at audio frequencies) through capaciter Cl and load 
Ru. to develop the output signal. " 


FAILURE ANALYSIS. 


General. Yinen making voltage checks, use 4 vacuum 
tube voltmeter to avoid the low velues of shunting resist 
ance employed on the low-voltage ranges of most velt- 


ohm-milliamm testers, Be careful, also, 10 observe 


low-resistance euaties 
No Output. Ai 


. Avoltage check w 
ther the proper voltage cnd polarities are applied. Since 
Class B zero bias operction is normally employed, no base- 
to-emitter {cr ground) voltage exists in the absence of a 
signal. However, if an attempt is mace to measure this 
veltage with a meter, a false readin may be chained 
through the voltmeter shunting resistance. Therefore, only 
the peturity ond supply voltage should be checked, and the 
input signal should be cbserved with an oscilloscope. Lack 
of input signal on the oscilloscope indicates an open cour 
ling capacitor, Cee, or a shorted input cireuit caused by a 
defective transistor. [f the supply voltage and polarity are 
correct and a signal is visible at the input, but nwt in the 
ioad, either the transistor is detective or the toad ts 
shorted. A resistance or eontiouity check will determine 
whether the load 4 ty the tran- 
sistors can be ax fault. Since only one transistor is opera- 
live ata time, both transistors must be defective to cause 


S.soS Of cusputnothenwing. ¢reducedar dhetnetedioutnat 


i intiente 


B 


tis nonnal, 


exists. When in doubt, replace the wansiswwrs with ones 
KnOwn to be good, 

Reduced Output. if one oi the transistors is defective, 
or if one of the supply voltages is tow or the supply is 
tive, a loss of output will occur. Use an oscilloscope 
© observe where the input wavetorm or output wavelorm 
departs from normal. Check to maxe sure that there is 
fficient drive in the precedina stages, A leaky coupling 


capacitor will place ¢ fixed hias on the hase circuit, causing 


de 


Drendering tie Giner iGvera- 
sependh i 
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one side of the circu 
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con be conserved on tne oscil- 
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whether the components or cower supply is defective. Where 
the transistors are suspectec, replace hoth with ones known 


od, OF remove the 


s them on a 
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where the signal departs from normal. The trouble will then 
be localized to that portion of the circuit showing the dis- 
torted waveform. In the common-emitter circuit, if the dis- 
tortion occurs on the negative portion of the waveform, the 
wouble is in the PNP wansistor circuit, if it is on the 
positive portion of the waveform, the trouble is in the NPN 
transistor circuit. Since there is no inversion of polarity in 
the common-collector circuit, the indications will be the 
opposite. That is, distortion on the positive waveform in- 
dicates trouble in the NPN transistor circuit, and dis- 
tortion on the negative waveform indicates trouble in the 
PNP circuit. 


AUDIO POWER AMPLIFIER, PUSH-PULL, SINGLE- 
ENDED, SERIES-CONNECTED CIRCUIT. 


APPLICATION. 

The push-pull, single-ended, series-connected audio 
amplifier is used where high power output and fidelity ore 
required, For example, it is used in receiver output stages, 
in public address amplifiers, and in servo amplifiers, where 
compactness and reduced weight through elimination of the 
output transformer are desired. 


CHARACTERISTICS. 

Collector efficiency is high with moderate power qain. 

Requires the same drive as a conventional push-pull 
amplifier. 

Power output is twice that of a single transistor stage. 

No output transformer is required, and identical types 
of transistors are used. 

Distortion varies with the class of operation. 

Class B bias is normally used, but Class A or AB appli- 
cations may be encountered. 

Fixed or zero bias is normally employed, but self-bias 
may be used in some applications. 


CIRCUIT ANALYSIS. 

General. The series-connected, single-ended push-pull 
amplifier uses two similar-type transistors in the equiv- 
alent of the complementary symmetry circuit to provide a 
transformerless output. It requires fewer components than 
the conventional push-pull amplifier, but more thon that of 
the complementary symmetry amplifier, since a push-pull 
input is necessary; it is single-ended in the output only. A 
compound-connected transistor input circuit may be used: 
however, since this circuit requires two additional tran- 
sistors, an input transformer is usually used instead. Be 
cause of the series transistor connection, two separate 
collector supplies ore required, or a center-tapped supply 
that is twice the value of a single supply is necessary. 

Circuit Operation. The schematic of a typical single 
ended, series-connected push-pull PNP audio amplifier is 
shown in the accompanying figure. 
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Single-Ended, Series-Connected PNP 
Push-Pull Amplifier Circuit 


Note: Read the DIRECT-COUPLED AUDIO AMPLIFIER 
circuit discussion earlier in this section for any background 
information. 

Transistors Q] and 02 are zero-bicsed and are nonconduct- 
ing in the absence of a signal. Both transistors are the 
PNP type. The input transformer has two separate wind- 
ings rather than the center-tapped arrangement convention- 
ally usedin push-pull circuits, to provide out-of-phese 
(opposite-polarity) input signals to the series-connected 
common-emitter stages. This provides an input connection 
which is seperate for each transistor; the base of Q1 

is driven positive while the base of Q2 is driven nega- 
tive, and vice versa. With Class B, or zero bias, only one 
transistor operates at a time. One of the secondaries of 
T] is connected so as to invert the signal. Thus, on the 
positive input signal, Q2 is driven negative and the forward 
bias causes conduction; meonwhile, the base of Q1 is hele 
at cutoff by a positive input. On the opposite half-cycle, 
Q2 is held at cutoff while Ql is driven to conduction by 
the negative input signal. In this example the secondary 
connected to Ql is connected in-phase, while the secondary 
connected to Q2 is connected out-cf-phase. 

The load, RL, is connected from the cammon nnint of 
the two power supplies to the emitter of Ol and the collec- 
tor of Q2. Disregarding this load connection for the moment, 
itis clear from observation of the schematic thet the two 
transistors are connected in series with each other and their 
separate power supplies. In the absence of on input signal 
no current flows, and, since each transistor conducts 
separately, with current flow in opposite directions through 
RL there is no net flow of de through the load in one direc- 
tion to unbalance it. Therefore, the voice coil of the speaker 
may be placed directly in this circuit to act as a load, with- 
out requiring any dc isolation through coupling capacitors 
or transformers. 

When collector current flows in Ql, the electron path is 
from the emitter, through RL and the power supply, back 
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to the collector. When collector current flows in Q2, the 
electron path is from the em:tter of Q2, through the power 
supply and load RL, back to the collector. These currents 
flow in opposite directions through the load resistor, & 
producing one half-cycle of the signal. There is ne con- 


Unuous flow of de through the circuit or through the lead. 
mucus rough the circult or througn the toad 


1 


In Class A or Class AB stages, a forward bias 1s suppiied 
+9 the bose, ond both transistors conduct contiaually. DC 
current flows through the series transistors and power 
supplies, but does not flow through the load resistor. This 
action occurs because, with a balanced circuit and identicai 
collector current Hew in ue transistors, equal but oppo: 


In Clas fbaperation y, any second-narmonic curren 


second-harmon 


econd-harm: urrent, and the predominant distortion is 


, and the predom. Sto! 


third harmonic. Thus, regardless of the method by which 
it is obtained, second-harmonic distortion is reduced in this 
citcuit as in tne conventional push-pull circuit. 


FAILURE ANALYSIS. 
General, hen making voltage checks, use a vacuum: 
tube voltmeter to avoid the low values of shunting resist- 
ance ordinarily employed on the low-voltage renges of con- 
ventional volt-ohmmeters. Be careful also to observe proper 
polarity when checking continuity with the ohmmeter 
since ¢ forwurd bias through any of the 
will cause a false liwestsiared reading. 
No Output. A no-curpur conc.uon can be 


caused Sy on 
opens or short-circu:tea input transformer, 11, or load, RL, 
as well as by a lack of supply voltage. The supply voltaqe 
and the collector or base bias voltage can be checked 

with a voltmeter. Continuity checks of the 


put trans- 
former windings (or the load) will locate any open circuits, 
ond short-circuited windings (or load) will be indicated by 
chmmeter readings of less thon | chm. In Class A or AB 
stages the bias resistors can be checked for proper values 
with on chmmeter. Normally, failure of the transistors will 
nat cause oo both tr 
completely. 
Low Output. 


volage, 


tore dail 


The supply well 


4d 


ecked ¥ ath a voltmeter backiet 


d or other 
Output. Depenaing upon condiuons, Temo yan the tran: 
‘from @ plugin 


ket) will elther reduce 
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in the output will also be observed. Thus, where a defec- 
tive transistor is suspected, it is usually good practice to 
replace both transistors with ones known to be good in 


order to determine whether the output comes up to normal 


Further checking with a transistor checker will then deter- 
mine the defective one. 

Distorted Cuipui. Distorted output may be caused by 
lack of proper bias or supply voltage, by underdrive or 
overdrive, by defective transistors, or by a defective input 
tronsformer. If the primary winding of the input transformer 
is open, either no output will occur or a very low output 
ay be obtained by capacitive coupling between the turns. 
‘wever, if either one of the secondary windings is open 


eT ed, Gue iiansisior will Wot Gpeiuie properly aud 
distortion will occur. Likewise, if the bias is too high, 
clipping will occur on the peak of the input signal; if it is 
too low, collector bottoming will produce the same effect 

4 is tance and 
continuity ea he checked ath an ohmmeter, while the 
bias and ‘collector voltages can be checked with a voltmeter. 
In Ciass A or Class AB stages, one half of the circuit can 
be inoperative and the unit will still function with reduced 
output but with increased distortion. Use an oscilloscope 
to observe the waveform, checking from input to output. 
When the waveform departs from normal, the cause of the 
trouble will usually be obvious. 


AUDIO POWER AMPLIFIER, PUSH-PULL, 
CAPACITANCE-DIODE COUPLING. 


APPLICATION. 

The push-pull, capacitance-diode-coupled audio amp- 
lifier is used where high power and fidelity are required in 
receiver output stages, public address systems, and mod 
ulaters. It is usually employed as the power cutput stage of 


a tesistance-coupled amplifier. 


CHARACTERISTICS. 
Collector efficiency is high with moderate power gain. 
Requires the same drive as ¢ conventional push-pull 
amplifier. 
Power output is twice that of a single stage. 


oboe an i sed wm di dn al ty ° 
No input transformer is used, and identical types of 


g is) “Claes AB use predominating. 
Fixed bias is normally used, but self-bias may be en- 
countered in some applications. 


CIRCUIT ANALYSIS. 


The capacitance-diode-coupled push-pull 


amplifier differs from the conventional push-pull “amplté 
tier only in the input circuit. Diodes are used to pre- 
f the coupling capaci- 
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tor from producing a shift of base bias with signal, 

and causing distortion. The use of capacitive coupling 
eliminates the necessity for an input transformer and pro- 
vides a reduction in weight and sapce, and an increase in 
economy. . Any improvement in response characteristics 
through elimination of the input transformer and its re- 
active effects are somewhat minimized by the shunting and 
loading effects of the diodes. Thus, the operation and 
performance are substantially the same as the conventional 
transformer-coupled push-pull amplifier, with a slight im- 
provement in the high-frequency response. 
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Circuit Operation. The accompanying schematic shows 
a typical push-pull, capacitance-diode-coupled PNP tran- 
sistor audio amplifier. The operation is considered to be 
Class B with a slight forward bias to eliminate crossover 
distortion (actually Class AB), as determined by voltage 
divider resistors R3 and R4. Because diodes CR] and CR2 
are connected in series opposition across the input, and are 
isolated by coupling capacitors Cl and C2, conduction 


Capacitance-Diode-Coupled Push-Pull Stage 


through the diodes is necessary to establish a bias on the 
base of the transistors. With R4 connected between the 
diodes and ground, a slight neqative voltage appears ot 
their cathodes, so that they normally conduct slightly. In 
the absence of on input signal, conduction through CR] and 
CR2 permits a continuous flow of d-c base current, which, 
in turn, permits a small idling collector current to flow 
through the forward-biased bases. This static (quiescent) 
current flows in opposite directions through the primary of 
the push-pull output transformer, Tl, and the effective ilow 
is zero. No secondary output occurs because the flux in 
each half of the primary of Tl, produced by d-c current flow, 
cancels (as in conventional push-pull operation). 

When an input signal is applied, oppositely polarized 
signals are supplied to coupling capacitors Cl and C2 
simultaneously. (Resistors Rl and R2 represent the driver 
stage output resistance, normally taken between the driver 
stage collector or emitter and ground.) With a negative 
going sine wave signal applied through Cl, a forward bias 
is applied to the base of transistor Ql, causing collector 
current to flow through the upper half ot the primary of Tl 
into Ql. At the same time, a positive-qoing input siqnal 
is applied through C2 to the base of Q2, producing a 
Teverse bias, and reducing collector current flow through 


CHANGE T 


the lower half of the primary of T] into Q2. Since Q2 is 
normally producing only a small current flow, this reduction 
in forward bias drives the transistor nearly to cutoff. Thus, 
the current in Q2 is reduced while the current in Q] is 
increased (this is conventional push-pull action). When the 
negative input signal is applied to QI, it also reverse-biases 
the anode of CRI, and the diode appears as a very high 
resistance; therefore, the input signal is not bypassed to 
ground via R4, ond there is no effect on the bias circuit. 

On the other hand, when the positive input signal is applied 
to CR2 and the base of Q2, the diode is forward-biased and 
it conducts heavily. This action permits C2 to discharge 
rapidly through the low resistance of CR2 ond R4 to ground 
on one side, and from ground through R2 to the other side 

of C2, as shown by the dotted arrows in the schematic. The 
electron flow path is from ground through R4, and CR2 to 

C2 on one side, and from ground through R2 to the other 
side of C2. Thus, a small instantaneous positive voltage 

is developed across R4. This voltage further reverse-biases 
CRI so that it cannot conduct and affect the operating bias. 
If CR1 and CR2 were resistors (instead of diodes), the 
yoltage developed through these resistors would appear 

in series with the bias applied to both transistors ond 
cause a shift in operation. The bias developed would add 
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to the normal bias and place the total bias in the Class C 
region of operation, thus producing serious distortion and 


chipping. 
lucting because of the neaative input signal, 


With Q1 cor bec 
cepaciter Cl charges ‘quickly through the low resistance of 
e base-emitter junction of O1 and ground, as shown by the 


arrows in the schematic. When the sinewave input 
s in schematic. When the sine-wave input 


signal becomes positive-going on the opposite half-cycle, 
the base of Ql ts reverse-biased and the collector current 
is reduced, At the same time, CRI is forward-biased (by 
the positive input signal) and Cl is quickly discharged 
through R4 te ground on one side, ond through ground and 
RI to the other side of Cl. The vol lage developed ecross 


RA has no offect on the operating 


biased while Q2 is conducting. In addition, it should be 
noted that the veltage produced across R4 by the discharge 
of C1 or C2 is po.arized in a direction opposite that of the 


poltage divider action of R23 


and Ra, Since the sional is never allowed to exceed the 
bias, to prevent distortion, this reverse bias is only a 
fraction of the operating bias and is thus effectively swamp- 
ed out of the circuit. Only through failure of one of the 
diedes can it affect the operation of the circuit. 

The operation of the collector output ¢ 
exactly the same as previously explained for the convention= 
al push-pull amplifier. Second: and even-harmonic dis- 
tortion is cancelled in the primary of the output transformer, 
and the output contains only the fundamental and odd har- 
monics. The collector-to-collector load resistance is 4 
times that of the individual collector-to-ground load, as in 
the conventional push-pull circuit. Since the input circuit 
uses the reversebiaced diode resistance az the base-to- 
uround inpedence, the cupacitance-diode input circuit 
ofters a high input impedance. Thus, the moderate out- 
put impedance of common-emitter phase-inverting driver 


stages may he conve ty matched, 


23.18 


FAILURE ANALYSIS. 

General, When makina voitade checks, use a vacuum- 
tube voltmeter to avoid the low values of shunting resist- 
ance employed on the low-voltage ranges of most volt- 
ohm-milliammeter testers. Be careful, aiso, to observe 
proper polarity when checkiny continuity or making resist- 
cmce measurements with the ohmmeter, since a forward 
bias thro 


h any of the transistor junctions will emse a 


2 LOW=Te: 


stance readina. 


No Output, Open coupliny capacitors 
tore, OF a detective output Uonstormer can cause ug ncenutput 
condition. Observe the signal with an oscillascope, check- 
im {0% InDul lO OUtDUL. Lack Of G pase signal 
that coupling capacitors Cl and C2 are open; 


aicutes 


1 supply (check the 

supply with o voltmeter). Lack of an output across the 

secondary indicates an open secondary winding. Note that 
ach transistor will operate seporately, o distorted 


can be obtained if only one half of the circuit is 
Thus, both coupling capacitors, both transistors, 
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or both halves of the primary of T] must be open simulto- 
neously for a no-cutput condition. Likewise, in the case of 
a short circuit, one half of the circuit must be biased off 
while the other is shorted to cause no output. Only an 
open circuit or a short circuit of the Tl secondary can ero- 


duce a no-output concition by fcilure of a single part. Where 
the tra 


rs dre suspected, replace them with ones known 


to be in good operating condition. 

Low Output. Low output can be caused by a number of 
conditions. Failure of one haif of the circuit, regardless 
of cause, will result in reduced output. If bias resistor 
R4 opens, the forward bias will increase and full Class A 
operation will cccur. Where the stage is nermally operated 


Close AY or B, an onen RA will case a reduction in cute 


put. The bias Voltage can be checked with an ohmmeter, 


uo R4 con be meusured with an ohm Hf R3 bec 


COMES 


the bias will be removed and 


the stege 
occur. With sutticient drive available, however, 
it is possible for the output to increase, with an increase 
in distortion, [£3 is shorted, the increased forward bics 
will hold the stage in neavy conduction ong the input signal 
most fikely be shunted through CR ground, 
resulting in reduced output with distortion. If either Cele or 
CR2 is suurted, one holf ef the input signal will be shunte: 

to ground through Ré4 and the output will be reduced. If 
either Cl or C2 is leaky, the bias on Q1 or Q2 will be 
changed, depending upon the polarity of the voltage on the 
drive side of the capacitors. A negative supply for a PNP 
driver staqe will cause increased forward dias and reduced 
output. A positive voltage for an NPN driver stage will 
produce constant heavy conduction through diode CRI or 
CR2, and couse shunting of the input, lose of drive, and 
reduced output. Eitner or both transistors may be defective 
and cause loss of output. Shorted primary or secondary 
windings on TL will alse reduce the output. Therefore, it 


Win aings vhil 


is necessary to use an oscilloscope tu Observe the waveloris 
ond follow the signal through the circuit. When the wave- 
form amplitude decreases, check the parts in that portion 

of the circuit for proper resistance or continuity cs appli- 
cable. 

Distorted Output. Improper bias, overdrive, or chipping 
pecause of too tow a cdilector voltage can cause distortion. 
Use an oscilloscope to follow the waveform through the 
circuit: the source of the distortion will usually be easy to 


locate when tne wavefony differs from the invut. Le 


y 


1 
bussiuie 


upiing cc YOTs WILE over bigs ut 


peak CHOtING. Uerecuve didues Cun QisG Cause Clipping 


of the input signal and consequent distortion. Lietective 


UuNnsisiols can Pproguce ai 
unbalance. for the least distortion, matched tra 


are amar seuseetd MORO TNS 


an ihreugh nonin 


wis DOU! frequen 


tesponse ¢ can also result from an improperly matched load 
or om a change in the load resistance. in ony event, it 
erve the waveform with an oscilloscope 
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AUDIO POWER AMPLIFIER, COMPOUND-CONNECTED. 


APPLICATION. 

The compound-connected power amplifier is used as the 
output stage in receiver, public address amplifiers, and 
modulators where large audio power outputs are required. 
It is also used as a direct-coupled control amplifier in 
transistorized voltage regulators. 


CHARACTERISTICS. 

High voltage and power gain are obtained. 

Operation is usually Class A. 

Fixed bias is normally employed but self-bias may be 
encountered. 

High input resistance is obtained (much greater than for 
a single CE stage). 

Input is series-connected, and output is parallel- 
connected. 

Two or more transistors are required. 

Ratio of emitter current to collector current remains con- 
stant; there is no drop-off of collector current at high emit- 
ter currents. 

High current amplification can be obtained with very 
little distortion (less than }4 percent), 


CIRCUIT ANALYSIS. 
General. Two compound-connected transistors may be 
employed as a single transistor and used in other circuit 
configurations, such as, push-pull audio amplifiers, to ob- 
tain greater output and more linear response than can norm- 
ally be obtained in the circuit. Because the forward current 
gain does not drop off at high emitter currents, the operation 
is linear and since the collector current continues to in- 
crease proportionally as the emitter current increases, the 
transistors can be driven to full output without any increase 
in distortion. The increase in linearity of the collector cur- 
tent which the compound connection provides can be clearly 
seen from the accompanying graphic comparison of emitter 
and collector currents. 


Te (ma) 
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Graph Showing Differences Between Compound- 
Connected and Single-Tran sistor Operation 
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Note that in the raph the ratio of collector current to emit- 
ter current for d single trensistor remains constant (as in- 
dicated by the straight-line portion of the curve) until ap- 
proximately 400 ma is drawn; then the collector current in- 
creases less rapidly as the emitter current incteases (as in- 
dicated by the curved portion). This is reduction in col- 
lector current linearity indicates a loss in forward current 
amplification, which is most pronounced in power ar- 
plifiers that draw heavy emitter current. The variation of 
the total collector current with input emitter current for 
compound-connected transistor is also shown in the graph, 
Observe that the total collector current of the compound- 
connected transistor does not drop off as the emitter cur- 
rent increases, but varies linearly over the entire range of 
operation (it is a straight line instead of a curve). 


Circuit Operotion. 

The basis schematic for a pair of compound-connected 
transistors used as an audio amplifier is shown in the ac- 
companying illustration, The circuit enclosed by the dashed 
line can be considered as a single transistor with connection 
points X, Y, and Z representing the pase, collector, and 
emitter, respectively, of the combined transistors. 


Compound-Connected Common-Emitter 
Audio Amolitiers Circuit 


Fixed Class A bias is supplied to the base of tran- 
sistor Q1 through voltage divider resistors Rl and R2 con- 
nected across the common power supply. (See Section 3, 
paragraph 3.4.1. for a discussion of the types and methods 
of biasing). The bias on Q2 is supplied by emitter current 
flow through Q1 and Q2 to ground, the actual value being 
determined by the emitter current of Q1 and the forward 
gain of Q2. Capacitive input coupling is provided by Cee. 
The output load, RL, is connected in series with both 
transistors and o common source of power; the collectors 
are connected in parallel, and thus share a common load, 
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The output is taken through coupling capacitor Cl (in some 
circuits RL and Clare replaced by a transformer for greater 
power output). 

Both transistors are connected in the common-emitter 
configuration, and, since the base of Q2 is directly con- 
nected to the emitter, which is the common leg of QI, tran- 
sistor 02 provides a certain amount of negative feedback. 
Because both transistors are series-connected across the 
input, a much higher input resistance {100 times as large, 
or more) is offered than with a single CE stage. In the ab- 
sence of an input signal, both transistors operate in the 
Class A region, as determined by the fixed voltage divider 
bias supplied by Rl and R2 The bias on Q2 is just slight- 
ly less than that appearing on the base of O1 because of the 
smali voltage drop between tne vase and emitter of Qi. 

Assume that a negative input signal appears ct the base 
Ql; this increase in forward bias causes the collector cur- 
rent of Q1 to increase to a value determined by the torwara 
gain characteristics of Ql and the amplitude of the input 
signal, The flow of ic, (and ic,) through RL produces the 
output voltage, which, as in the conventioral common-emitter 
circuit, has a polarity opposite that of the input voltage. 

At the same time, since the base and emitter of Q2 are in 
series with the input, a forward bias is also applied to Q2 to 
increase collector current iC,. While the amount of col- 
lector current through Q2 is not as great as that through Ql, 
it adds to the output since it flows in the same direction 
through RL. The total collector current flowing through 

RL is the sum of the two collector currents (ic, + +i¢,). 

Tuas aut double thet of e sin 
cordance with the ratio set by the individual forward gain 
values and the amount of bose current drive applied to Ql. 
It is not necessary that both transistors be matched or have 
equal forward gain. However, it is convenient to show how 
the currents are distributed, assuming that the two tan- 
sistors are identical. In a conventional cascaded stage the 
gain of two stages would be equal to gain of the tirst 
stage times that of the second. Assuming a value of a 

fe = 19, the total gain of two steges would be 361, while 
for a compound connection a value of 399 1s obtained (ap- 
proximately 10% additional gain). This inctegse in gain is 
obtained because the collector current “does not fall off at 
high emitter currents. The accompanying figure shows the 
two transistors compound-connected in the common-base 
Circuit, tor ease of explanation. Assuming a torward gain 
or alpha of .35 for both wa! 


ivale 


of a3 the current relationships through the circuit are as 


nal power during p peck 


tin the avternal 
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Current Relationships in Compound CB Circuit 


circuit is from Q2, through the vase of Q1, through the in- 
put resistance, and back to the collectors of oth transistors 
through the output resistance. The collector current of Q1 is 
0.95 Ie; therefore, 0.5 IE flows into the base, since the 
emitter current is the sum of the base and collector cur- 
tents. Since 0.95 le flows into Q] and the total collector 
current is (9975 Ib, the collector current of Q2 is the dif- 
ence, or .0475 1k. Finally, since .051L Hows fres: the 
emitter of Q2 into the base of Q1, the base current of Q2 is 
the totai emitter current of Q2 less tne coliecto: current 

of Q2or .2O25 TE. While this might pe considered to show 
little contribution of Q2 to the operation of the circuit, 
recall that in the common-base circuit the gain cannot ex- 
ceed unity, which for ali practical purposes is equal to 
0.999999 .... etc; thus, a change from 0.95 to 0.9975 
represents a considerable increase ir. gain. Expressed in 


rms of the common-emi fr circuit fas creviously - 
terms of the common-emitter cirourt fas previously men 


tioned) it is a change of frm 19 to 399 in gain, which is 
a very noticea dh 
Because the transistors ore direct-connected in thi 


compound circuit, there is no reactance to deteriorate the 


se fit extends the low freguency bass re- 
frequency response (it extends the low fregucncy bass re- 


wit is uniforni. 


uuited, us the current through a series ci 
the additional gain is achieved without requiring 

e drive. Althoush it might pe thought that the increased 
ut Tesistance requires more drive for the same input, it 


dves nol, since g Sisuliel Culent itGuyfi @ higher resist- 
ance produces the same voitage drop as a higher current 
through a smaller resistance. With the collectors connected 
in parallel, the output resistance is lower than thar of a 
single tro tor, but not half as might be expected. [tis 
approxin.ately egual to tne ratio of the two collector cur- 


6-B-33 


ELECTRONIC CIRCUITS NAVSHIPS 
rents and is not of much sijnificance, because the com- 
pound connection produces a larger output mainly by its 
ability to pass a greater current through the same load. In 
the basic schematic the output is shown capacitively 
coupled; where large power outputs are desired, an output 
transformer is usually used as in the conventional single- 
ended power amplifier. The compound connection may be 
used in any of the previously described circuits in this 
handbook to obtain greater linearity and output, but it re- 
quires two transistors for each one used in the conventional 
circuit. 

When the load resistance is connected in series with 
the emitter of Q2 instead of the collector, this compound 
circuit becomes the cascaded emitter-follower amplifier, 
sometimes referred to as the Darlington circuit. Because 
of the large amount of degeneration provided the operation 
is slightly different from that of the compound circuit des- 
cribed above. In other publications, the compound con- 
nection is also referred to as the Tandem connection or the 
Super-alpha connection. 


FAILURE ANALYSIS. 

General. When making voltage checks, use a vacuum- 
tube voltmeter to avoid the low values of shunting resist- 
ance employed on the low-voltage ranges of most volt- 
ohm-milliameter testers. Be careful, also, to observe pro- 
per polarity when checking continuity or making resistance 
measurements with the ohmmeter, since a forward bias 
through any of the transistor junctions will cause a false 
low-resistance reading. 

No Output. Lack of supply voltage, either an open or 
short-circuited input or output or defective transistors, will 
Cause d no-output condition. The supply voltage and the 
presence of collector and base bias can be checked with a 
voltmeter. With the proper voltage and polarities existing 
in the circuit, observe the waveform with an oscilloscope. 
Loss of signal on the base side of the input indicates either 
an open coupling capacitor or a shorted input. Since the 
emitter of Q] is connected in series with that of Q2, failure 
of either transistor will produce loss of output. An open 
output coupling capacitor (or transformer, if used) will also 
cause loss of output. Leaky coupling capacitors usually 
will not cause a coniplete loss of output. On theother hand, 
a shorted input capacitor can bias the circuit to cutoft or 
into heavy saturation depending upon the polarity of the 
collector supply of the preceding driver stage. Since all 
short circuits will most likey change the bias and circuit 
voltages, and open circuits will show normal voltages, a 
simple voltmeter check will determine the type of trouble. 
With only a few parts in the circuit, they may be checked 
Separately to determine the defective part. When the 
Operation of the transistors is in doubt, replace them with 
ones known to be good. 

Reduced Output. Improper bias, low collector voltage, 
or defective transistors will cause reduced output. A leaky 
coupling capacitor will produce a larger than normal bias and 
cause the transistors to operate closer to cutoff or to 
Saturation, depending upon the polarity of the bias. The 
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teduction in output may be slightly noticeably or very evi- 
dent, depending on the value of the bias change; and may be 
easily determined by a simple voltage check. If the bias 
and voltages are correct and the proper load is connected, 
a reduced output with normal input indicates that either 
one or both transistors are defective. When suspected, re- 
place both transistors with one known to be good and check 
the removed transistors separately, either by means of a 
transistor checker or by individual substitution in the cir- 
cuit. Where the wrong load or a short-circuited load is used, 
the output will be reduced. Check the value of the load 
with an ohmmeter. Where capacitive output coupling is 
employed, a leaky or shorted capacitor can cause a steady 
flow of de through the output circuit. In the case of a 
speaker, a steady flow of dc through the voice coil will 
hold the cone in a steady position and require a large out- 
put to move it. Check the output load for a d-c voltage to 
ground using a voltmeter. Where the load has changed in 
value, reduced output will usually be accompanied by dis- 
tortion; the same indication will occur for reduced col- 
lector voltage, which can be determined by a simple volt- 
age check. If all else appears normal and it is suspected 
thot the load is defective, the load can be disconnected and 
replaced with a resistor of the proper value and wattage rat- 
ing (usually | to 2 watts will be satisfactory for average 
transistor testing), and the output can be observed with an 
oscilloscope, 

Distorted Output. Audio distortion will be abvious when 
a monitoring speaker or headphone is provided. Improper 
bias or low collector voltage, an improper load or defective 
tansistors can cause distortion. Check the bias and col- 
lector voltages with a voltmeter. Use an oscilloscope to 
observe the input waveform and to follow it through the 
circuit. When it departs from normal; the location of the 
trouble will be obvious. Clipping of one side of the signal 
indicates improper bias or other voltages, while clipping 
on both sides indicates over-drive, as it does in electron- 
tube operating. Make certain that the input waveform is not 
distorted, since subsequent amplification will increase the 
distortion, making it appear to originate within the stage. 
With proper bias and other voltages and with a normal load, 
if distortion appears the transistors are likely to be defec- 
tive. Replace them with a pair known to be good. 


AUDIO POWER AMPLIFIER, BRIDGE-CONNECTED. 


APPLICATION. 

The bridge-connected power amplifier is used in re- 
ceiver output stages and public address systems or other 
equipments where a large audio power output with low dis- 
tortion is required, and no output transformer is employed. 


CHARACTERISTICS. 

Over-all frequency response is improved by direct out- 
put coupling. 

Operation can be Class A or B, with the least efficiency 
obtained in Class A, and the most efficiency in Class B 
operation, as in conventional! push-pull stages. 
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Produces twice the power output of a conventional push- 


pull stage. 


May be operated at twice the nome) supply voltage 


half th 1 Circuits 


instead of half the voltage as in cther circuits. 


Each transistor pine fe half the power of its 


smaller transistors tay, be used for 
greater power can be obtained for the same transistors. 
A single untapped source of supply voltage may be used. 
No d-c current passes through the load. 
Requires push-pull input (opposite polarity and twice 
the drive of a single stage). 


CIRCUIT ANALY 
General. The bridge circuit is develozed from the basic 

d-c bridge, sometimes called the Wheatstone bridge, using 

equal-ratio arms. In the basic two-transistor circuit, two 
pplies form the other arms. With 
tra 3 and equa! power supplies, the bridge is Wwilaweea 
for d-c flow and there is no flow of de through the load until 
the bridge becomes unbalanced by application of a signal. 
The AUDIO POWER AMPLIFIER, PUSH-PULL, SINGLE- 
ENDED, SERIES-CONNECTED CIRCUIT previously dis- 
cussed in this section of the handbook is an example of a 
simple type of bridge circuit. The full bridge circuit uté 
lizes four identical transistors in a bridge arrangement, or 
two PNP and two NPN transistors in 0 complementary sym- 
metry arrangement. The use of four transistors as the bridge 
atms permits operation with a single (or untapped) power 
supply, and provides twice the power 
bridge circuit, with less distortion. 

Circuit Operation. ‘ihe scnematic of ¢ typical four- 

transistor PNP bridge amplifier is shown in the accompany- 
ing illustration. 


Full Bridge Circuit 
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Note that transistors Q1 and Q3 have the load connected in 
the emitter circuit, while Q2 and Q4 have the load connected 
in the collector circuit. Therefore, Q1 and Q3 are common- 
coll configurations (the output is taken from the emitter) 
with high input impedances requiring large-voltage input sig- 
nals. Transistors 02 and 04 are common-emitter confiqura- 
tions (the output is taken from the collector) with low input 


tions (the out} taken from the collector} 
impedances requiring low-voltage input signc!s, to produce 
an emitter-collector current equal to that of the common- 
collector connected transistors, and thus equalize the bridge 
currents. 

The input signal is connected in a push-pull arrange- 
ment to the bases cf Q1 and Q3; the buse i 10 04 i 
+ fiom the emiiies of Ql through cument limiting scaistor 
R2, and the base of Q2 is supplied with a signal from the 
emitter of G3, taken through current limiting resistor Rl. in 
is manner theapposite bridge a arms are connected to 


2 for the 
for tne 


Ye uts (3 
mi circuit); otherwise, a special sane Panes or 
a Canplementary: symmetry arrangement would be necessary 
to provide proper amplitude inputs. When a negative input 
signal is applied to Ql, the forward bias is increased and 
both the collector and emitter currents increase. With in- 
creased emitter current flowing through RL, a negative volt- 
age is developed ccross the load and applied through R2 
to increase the forward bias on Q4. Therefore, the collector 
and emitter currents of Q4 also increase. The transistors 
are selected for equal gain, and R2 for equal Ie , so that the 
emitter and collector currents of both transistors are equal. 
Meanwhile, un oppositely polarized (positive) input 
signal is appliedto the bese of Q3 simultaneously with the 
input signal epplied to Gi. The positive input signal 
teverse-biases the base of Q3 and reduces any flow of 
collector and emitter current. Similarly, the emitter voltage 
of 03 developed across load resistor RL becomes more posi- 
tive becuuse of the reduction in current flow, and through 
Rl places a reverse bias on the base of Q2, causing the 
emitter and collector currents of Q2 be reduced also. An 
incteased current through one side of the bridge with a 
teduced current through the other side of the bridge pro- 
duces the same effect as in conventional push-pull opera- 
tons Ie Clesof opera the total current flowing through 
the load is the same as if twice thenormal current flow 


existed. in Class B uperation, culy iwu ticnsisiors conduct 


teacvcde fer essumitry 7 Sine wave inptu) it become: 
pase of G1. The re- 

1, producing a 
oy tpplied through 
to reverse-bias the bese of O4. Thus, oth @1 ond O4 
er and collector currents are redilced simuitaneously. 
Je) the inpar sigaal coplied tot 


e, and ee a forums bias to 


he bese of 3 alse 
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increased emitter current flows through the load in the oppo- 
site direction, as shown by the dashed crrow on the sche- 
matic. The change of current flow creates an opposite 
polarity across RL. 

Since the voltage developed in+he emitter circuit of 
Q3 is negative and the base of Q2 is connected to the 
emitter of Q3 through Rl, a forward bias is also placed on 
Q2. Thus, the emitter-collector current flow of Q2 is in- 
creased simultaneously with that of Q3. As a result, the 
transistors interchange roles; Q3 and Q2 become conducting, 
while Q1 and 04 are driven toward cutoff in Class A op- 
eration, or are entirely cut off in Class B operation. As- 
suming equal transistors, biases, and drives, equa! but 
oppositely polarized voltages are produced across the load 
resistor by the current flowing in different directions in the 
bridge arms, so that the effective d-c flow is zero, Since 
the varying (a-c) load current flows first in one direction 
during one half-cycle of input and then in the opposite di- 
rection during the remaining half-cycle, the output load can 
be direct-connected in the bridge, and no output transformer 
in needed to develop the output signal. While the input re- 
sistance of the bridge is high, the output resistance is low, 
and no impedance transformation is necessary to match 
loudspeaker of servo loads. (The transistors are usually 
selected to have an output impedance near that of the load, 
in which case RL = Vc/Ic.) 

Because there are always two transistors across the 
supply, the collector voltage of each transistor is always 
less than the supply (usually half). Since no transformer is 
used, the collector voltage can never exceed that of the sup- 
ply, so that the designer can apply twice the normal collector 
voltage to both transistors in order to apply the full rated 
collector voltage to each transistor. Therefore, a greater 
output can be obtained than would normally be possible in 
other amplifier circuits where tha maximum collector volt- 
age isnever allowed to exceed half the supply voltage. 
Likewise, since each transistor dissipates only half the 
power dissipated by each transistor in a conventional push- 
pull amplifier, a four-transistor bridge circuit can produce 
twice the output of the conventional push-pull circuit. This 
accounts for the high output power of the bridge circuit. 
Because the inputs to Q4 and Q2 are obtained from the 
emitters of Q1 and Q3, only enough drive is required to 
drive the bases of Ql and Q3. Therefore, no additional 
drive power is required over that of the conventional push- 
pull amplifier, 

In Class A operation, the quiescent currents of the 
transistors are equal, and no de flows through the load 
because the bridge is balanced. During operation, the cur- 
Tent through one pair of arms increases while the current 
through the other pair decreases. On the opposite half- 
cycle the conditions are reversed. On the other hand, in 
Class B operation all transistors are zero-biased with no 
signal applied, andno current flows. When an input is 
applied, one pair of arms conducts while the other pair 
remains cut off. During the remaining half-cycle the other 
pair of arms conducts while the first pair remains cut off. 
Thus, twice the current of a single transistor flows through 
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the load during either type of operation. Because no trans- 
former is used and the transistors are direct-connected, both 
low-frequency response and high-frequency response are 
improved. This accounts for the decrease in distortion of 
the bridge circuit as compared with any of the other push- 
pull circuits. 


FAILURE ANALYSIS. 

General. When making voltage checks, use a vacuum- 
tube voltmeter to avoid the low values of shunting resis- 
tance employed on the low-voltage ranges of most volt- 
ohm-milliameter testers. Be careful, also, to observe proper 
polarity when checking continuity or making resistance 
measurements with the ohmmeter, since a forward bias 
through any of the transistor junctions will cause a false 
low-tesistance reading. 

No Output. If the output load or collector supply is 
open or short-circuited, no output wil! be obtained. A 
short-circuited load will be indicated by a resistance read- 
ing of less than one ohm, while an open circuit will be in- 
dicated by infinity or a very much larger than normal re- 
sistance. Check the supply voltage with a voltmeter to de- 
termine whether the supply is defective. On the other hand, 
since the bridge is normally balanced across the points to 
which the load is connected, a voltage check across the 
load will usually not pinpoint an open load. Instead, the 
voltmeter shunt will replace the load, if open, so that a 
false reading will be obtained. If a transistor is short- 
circuited, the other portion of the bridge will operate; thus, 
a single defective transistor will not produce a complete 
no-output indication. If transistor Q4 or Q2 is shorted, Q1 
and Q3 will still operate. On the other hand, if Ql or Q3 
is shorted, the large input signal will probably bias Q2 and 
Q4 into cutoff and saturation, producing no output (in some 
instances a slight output may still be obtained, depending 
upon the applied bias), If either Rl or R2 is open Q2 or 
Q4 will not operate andno output will be obtained in Class 
B operation. Likewise, if Ql or Q3 is open, the remaining 
half of the bridge will not operate. 

In Class A operation, a]} four transistors would have to 
be defective simultaneously tocause no output. Since in 
Class B operation only two transistors conduct at a time, 
while the other two are cut off, it will benecessary for two 
transistors to be defective for no output to occur. Where 
transistors are suspected, they should be replaced in pairs, 
and the individual transistors should then be checked out 
separately in a transistor checker. 

Reduced Output, Reduced output may be caused by 
tailure of a single transistor, defective bias resistor Rl or 
R2, or an open input circuit to one arm of the bridge. The 
resistors may be checked with an ohmmeter, and the supply 
voltage may be checked for proper value with a voltmeter. 
While unbalanced voltages across the separate arms of the 
bridge may indicate the probable location of the trouble, an 
oscilloscope check is preferable. Follow the signal from 
the input and check the output waveform of each transistor. 
Where the waveform departs from normal, the trouble is in 
that portion of the bridge. Since the inputs to Q4 and Q2 
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are taken from the emitters of Q1 and Q3, it will be normal 
to find the amplitude of Ql and Q3 larger than that of Q4 and 
Q2. The emitter outputs of Q1 and Q3 willbe of the same 
phase as their inputs, while the outputs of Q4 and Q2 will 
be oppositely polarized with respect to their inputs, because 
of the common-emitter connection, 

Distorted Qutput. Distorted output may be caused by a 
defective transistor, improper collector voltage, or too 
large a drive (input signal). The collector voltage may be 
checked with a voltmeter to determine whether it is normal. 
Too large an input signal will cause clipping of the signal 
in the output circuit, as in other amplifier circuits. Too 
low a collector voltage will produce bottoming, a form of 
chipping which results when the supply voltage cannot follow 
the peak signal demands. Hence, 1t is almost mandatory to 
use an oscilloscope to check the signal waveform through 
the circuit. Flattening of the signal at the peaks or troughs 
of modulation indicates clipping and the resultant distor- 
tion, If Rl and R2 and the load are of the proper value, and 
the supply voltage is normal, the transistors are defective. 
Replace the transistors in each arm of the bridge, separately 
with ones known to be good. 


PHASE INVERTERS. 
The phase inverter uses o single-ended input signal 10 
develop a dual output of opposite polarity suitable for driv- 
ing an RC-coupled push-pul! power amplifier. To supply op- 
positely polarized outputs, it is necessary to invert one 
of the signals so that its phase or polarity is opposite that 
af theother signal. Strictly speaking, the phase inverter 
does not really invert the phase of the signal; it merely 
uhunges the polarity of one of the outputs. By proper choice 
of load and bias, the phase inverter may also be used to 
amplify the input signal. The output from a single stage, 
however, is limited by the degenerative voltage developed 
in the emitter circuit. Thus, more drive is required than for 
a conventional single-stage amplifier to overcome the nega- 
tive feedback developed in the emitter. Two types of 
circuits are employed in the single-stage phase inverter, 
one with a balanced output and the other with an unbalanced 
sutput. Less distortion is provided by the balanced arrange- 
ment, which requires only one more part than is used in 
the unbalanced arrangement. Where the push-pull output 
is operated Class R, 


the two-stage a ee inverter is employed to supply the 
udditional power needed, Since the two-stage phcse in- 
verter uses a separate transistor to develop each output, 

re power needed is obtained by conventionai 
uish-pul al! drivers, The tronsister phase inverter is practi- 
cally idemical with the electron-tube phase inverter, and 
any general remarks in the previous discussion of electron- 


tube phase inverters made in Part A of this section of the 
Handbook cre also applicable. 
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ONE-STAGE PHASE INVERTER. 


APPLICATION. 

The one-stage phase inverter is used to supply two op- 
positely polarized outputs, from a single-ended input signal, 
to drive push-pull amplifier stages. It is used in radio 
receivers, public address systems, and transmitter moduia- 
tor stages, usually as the driver stage for the power ampli- 
fier. 


CHARACTERISTICS, 

Requires more drive than for a single-stage amplifier. 

Supplies two outputs with one input signal. 

The outputs are oppositely polarized and of approxi- 
mately the same amplitude. 

The bias and load resistance are selected to provide 
equal output signals. 

Provides better frequency response than is possible 
with an input transformer. 

Is Class A-biased for equal swings; normally does not 
use either Cless AB or B operation. 

Is usually fixed-biased, but self-biased applications may 
be encountered. 


CIRCUIT ANALYSIS. 

General. Where a single-ended stage is used to drive 
a push-pull amplifier, it isnecessary to supply two op- 
positely polarized input signals to the push-pull stage. 
While a center-tapped transformer may be used, it has been 
found that RC coupiing generaliy provides better frequency 
response, with a saving in economy through elimination of 
the transformer, plus a reduction in weight and space. The 
use of the phase inverter circuit provides the necessary dual 
output. The unbalanced phase inverter uses a load in the 
emitter and a load in the collector to develop the oppositely 
polarized outputs, end is sometimes referred to in other 
Publications as the split-lead circuit. Actually, the load 
is not split; identical load resistors are used to obtain 
equal output amplitudes. A balanced output condition may 
be obtained in the single-stage phase inverter by adding 
another resistor, as will be explained later. 

Circuit Operotion. The accompanying schematic is 
that of a one-stage unbalanced phase inverter. 


One-Stoge Unbalanced Phase Inverter 
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Fixed voltage-divider bias is supplied by resistors Rl and 
R2 (see paragraph 3.4.1 in section 3 of this Handbook for 
a discussion of bias arrangements). The bias is normally 
Class A with the transistor operating at the center of its 
dynamic transfer curve. Thus, equal swings about the bias 
point (with equal loads) will produce equal output signals. 
R3 is the collector load, and R4 is the emitter load. Both 
loads are of the same value to produce equal output signals, 
which arecapacitively coupled through Cee, and Cec, to the 
push-pull stage. 

When a negative input signal is applied to the base of 
Q1, it adds to the forward bias of Q1 and causes the emitter 
and collector currents to increase. Electron flow is in the 
direction indicated by the arrows. The emitter current flow- 
ing through R4 produces a negatively polarized signal, 
while the collector current flowing through R3 produces a 
positively polarized signal. Since R3 and Rd are identical 
in value, and the collector current is practically equal to 
the emitter current (less the smal! amount of base current), 
equal-amplitude output signals of opposite polarity are pro- 
duced. On the opposite half-cycle of operation, the input 
signal becomes positive and reduces the forward bias, thus 
reducing both the emitter and collector currents. In this 
instance, assuming that the drive is such as to almost stop 
conduction, the collector output becomes negative and al- 
most equal to the supply voltage. Simutaneously, the emitter 
current is reduced almost to zero and the emitter becomes 
positive with respect to the collector. Thus, the emitter 
and collector outputs change polarity as the input signal 
changes; the emitter output signal is in-phase and the col- 
lector output signal is out-of-phase with the input signal. 

Unfortunately, the collector output impedance is higher 
than the emitter output impedance, and an unbalanced out- 
put condition results, Even though equal-amplitude output 
signals are developed, the push-pull input is basically 
mismatched for the emitter output and matched for the col- 
lector output. As a result, distortion occurs with strong 
signals. 

A balanced output is provided by connecting R5 (shown 
dotted in the schematic) between the emitter and Ccc,. In 
this case, the input impedance becomes high for both push- 
pull transistors, since the impedance of the emitter is now 
determined by R4 and R5 connected in series, and their 
total value is chosen to provide an impedance equal to R3. 
Thus, the distortion produced by strong signals is eli- 
minated. Because a voltage drop occurs across RS, R4 is 
made larger than R3 to compensate for the loss in output 
voltage which would otherwise occur. 

Since R4 is unbypassed, the voltage developed at the 
emitter is degenerative, and in effect opposes the input 
voltage in essentially the same manner as negative feed- 
back; thus, a larger driving voltage must be applied to the 
base of the phase inverter than would normally be required 
for an amplifier without feedback. Where this input drive 
is limited or unavailable, a two-stage phase inverter is 
generally used because of its reduced drive requirements, 
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FAILURE ANALYSIS. 

General, When making voltage checks, use a vacuum- 
tube voltmeter to avoid the low values of shunting re- 
sistance employed on the low-voltage ranges of most volt- 
ohm-nilliammeter testers. Be careful, also, to observe proper 
palarity when checking continuity or making resistance 
measurements with thechmmeter, since a forward bias 
through any of the transistor junctions will cause a false 
low-+esistance reading. 

No Output, Lack of supply voltage, no input signal, a 
defective transistor, or an open collector resistor (R3), 
emitter resistor (R4), or bias resistor (R2) will produce a 
no-output condition. The supply voltage can be checked 
with a voltmeter, and the voltage to ground checked from the 
emitter, base, and collector, to determine whether normal 
voltages exist and whether resistor R2, R3, or R4 is open. 
With an abnormally high voltage between the base and 
ground, Q1 will be driven into saturation (this indicates 
that R2 is open). If R2 is shorted, or no input signal is 
applied, a no-output condition will also exist. [f either R3 
or R4 is open, emitter and collector current flow will be 
interrupted ond no output will be developed. If either R3 
or R4 is shorted, only a single output will be obtained from 
the portion of the circuit which is not short-circuited. Both 
resistors would have to be shorted to cause a complete no- 
output condition. Failure of coupling capacitors Cec, and 
Cec, will cause loss of output only if they are both 
either open or shorted to ground; if only one capacitor fails, 
only one output will be affected. If either capacitor is 
leaky, a reduced-output condition rather than a no-output 
condition will occur. Where the transistor appears to be at 
fault, replace it with one known to be good. 

Reduced Output, Low supply voltage, improper bias, 
changed values of load resistors R4 and R3 (or RS), as 
well as leaky or defective coupling capacitors, can cause 
reduced output. The supply voltage and bias may be checked 
with a voltmeter. However, if R2 were open and a voltage 
check were made between the base and ground, the voltmeter 
shunt would replace R2. if the shunt were nearly the same 
value as R2, a false indication of nearly correct value would 
be obtained. If the values of R3 and R4 (and R5 if used) 
increase, then the output signal amplitudes will be less, 
or unequal at best. With an audio input applied, follow the 
waveform through the circuit, observing it with an oscil- 
loscope. When the waveform departs from normal, the lo- 
cation of the trouble should be obvious. 

Distorted Output. If the bias or supply voltages are in- 
correct, the load resistance is not of the proper value, or 
the transistor is defective, a distorted output will be ob- 
tained. Use an oscilloscope to observe the waveform, 

Since the operation is Class A, equal swings about the bias 
point should produce equal-amplitude and undistorted outputs 
of opposite polarity. If overdriven, the tops and bottoms of 
the waveform will be clipped (a sine wave wil] appear as a 
rectangular wave). In the unbalanced circuit (where RS is 
not used), strong signals will cause distortion to appear on 
the collector output but not on the emitter output. In the 
balanced circuit, strong signals should not cause distortion 
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until they exceed the bias value, and then both outputs 
should be equally distorted. If the transistor is suspected, 
replace it with one known to be good. 


TWO-STAGE PHASE INVERTER. 


APPLICATION. 

The two-stage phase inverter is used in receivers, 
public address systems, and modulators to produce suf- 
ficient power to drive a high-powered push-pull stage from 
a single-ended input. 


CHARACTERISTICS. 

Only a small input signa! is necessary to drive the 
stages to full output. 

Supplies two output signals for a single input signal. 

The output phases (and polarities) are opposite and suit- 
able for a push-pull input. 

Operation is usually Class A, although Class AB or B 
applications may be encountered. 

More than twice the power output of a single-stage 
phase inverter is obtained. 

Distortion is equa! to or less than that of the single- 
stage circuit. 


CIRCUIT ANALYSIS. 

Generai. The two-stage phase inverter uses two 
separate transistors operating at their full capabilities in 
the common-emitter circuit to provide a larger power output 
thon the one-stage phase inverter circuit. Since the output 
is taken from the collector of each stage, there is no 
negative feedback in the emitter circuit to overcome (as in 
the single stage), so that less drive than that required for 
the single-stage phase inverter is required. As a result, 
more output power is obtained with less drive than for a 
single stage. 

Circuit Operation. The schematic of a typical two- 
stage PNP transistor phase inverter is shown in the 
accompanying illustration. Transistors Ql and Q2 are 


Two-Stage Phase inverter 
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basic common-emitter-connected amplifiers, each supply- 
ing a single output. Q2 is connected in cascade with Qi, 
but has R5 connected in series with the base to limit the 
current and drop the driving signal to a value equal to thot 
applied to Q1. Thus, with the input signa! to Q2 held to 
the same value as the input to Ql, the output of Q2 is made 
ut of Q1; also, since the CE circuit pro- 
duces an inverted ou , the two separate output 
signals are equal and oppositely polarized, and suitable 

for driving a push-pull stage. Fixed Class A bias is pro- 
vided for both stages through voltage divider resistors; 

Ri and R2 bias Q1, while R6 and R7 bias Q2. (See section 
3, paragraph 3. 4.1, of this Handbook for types of biasing, 
and paragraph 3.4.2 for a discussion of stabilization 
methods. } Hesistors H4 and AY are emiuer swuuping 
resistors used for thermal stabilization, and are bypassed 
by Cl and C2 to prevent degeneration. Since the capacitors 
bypass any a-c component of the signal, they are affected 
only by d-c current variations produced by changing temperca- 
ture. When a temperature change increases the emitter 
current, it produces a d-c voltage across the swamping 
resistors which opposes the operating bias and automati- 
cally reduces the emitter current to compensate for the 
temperature-caused increase. Resistors R3 and Ré are the 
collector loads of Q1 and Q2, respectively, across which 
the output voltage is developed. The collector of Q1 

is capacitively connected to the base of Q2 by Cec,, and 
the push-pull outputs are coupled through capacitors Cec, 
and Cec,. 

When a negative inpu 
Ql, the forward bias is increased and rhe emitter and 
collector currents are increased above the resting (or 
quiescent) value. Electron flow is from the emitter 
through Cl to ground, and from the collector supply through 
3 to the collector. As shown in the illustration, the col- 
lector output of Ql is positive, and is applied through 
Cee, to the base of Q2 and through dropping resistor R5 to 
dtive Q2. (The inverted output from the collector of Q1 is 
supplied to the push-pull circuit by Cec.) The value of RS 
is chosen to supply an input to Q2 just equal to the ampli- 
tude of the input signal applied to Ql. With a positive 
signal applied to the base of Q2, the forward bias is re- 
duced and the emitter and collector currents of Q2 are re- 
duced. Electron flow is from the emitter of Q2 through 
C2 to ground, and from the collector supply through R8 ta 
the collector. Since Cioss A bias is used, and assuming 
that the base voltage appiied to Q2 is just equal to the 
bias, collector current tlow is reduced to zero and the cul- 
lector voltage rises to that of the negative supply (both 
ends of R8 are negative with respect to ground). Thus, a 
negative output is obtained from the collector of Q2 and is 
applied through Cec, as the oppositely polarized (in-phase) 
push-pull driving signal. Since Q2 operates practically 
instantaneously (there is no inherent delay), the two out- 
puts annear on the push-pull grids simultaneously. (Note 
that passage through one stage inverts the signal, while 
passage through two CE stages returns the signal to the 
oriainal polarity.) 
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Assuming a sine-wave input, when the negative half- 
cycle is completed the signal reverses, and a positive 
input is now applied to the base of Q1. The positive 
input reduces the forward bids of Q1 to zero {assuming 
full swing) and the collector voltage rises to that of the 
negative supply, thus producing a negative output. The 
large-amplitude negative collector output is dropped 
through RS so that it is approximately equal to the input 
signal amplitude applied to Ql. This small negative input 
to the base of Q2 increases the forward bias and causes 
the collector current flow through R8 to increase. Electron 
flow is from the supply through R8 to the collector, which 
produces a positive voltage drop at the collector (the 
polarity of this voltage drop is opposite that of the previous 
half-cycle}, so that the output from Q2 is now positive. 
Since there is no inherent delay in the operation of the 
transistor, the positive output from Q2 and the negative 
output from Ql appear practically simultaneously at the 
push-pull inputs. 

Dropping resistor RS acts as a balancing resistor to 
equalize the output of both stages. The transistors need 
only be of similar types; matched pairs are not required. 
The collector resistors are usually made equal so that 
identical currents will produce equal output voltages. 
Where little power is required, such as that needed to 
drive a conventional Class A push-pull stage, swamping 
resistors R4 and RQ and their associated bypass capacitors 
Cl and C2 may be eliminated from the circuit, and the 
emitters connected directly to ground. In applications 
where distortion becomes critical, the use of feedback 
from the collector is resorted to by connecting bias resistors 
Rl and Ré to their collectors. In this instance resistors 
R2 and R7 could be eliminated by changing the values of 
both Rl and R6. Thus, it is evident that the basic sche- 
matic may vary slightly, according to individual design, 
using different bias Gnd stabilization methods. However, the 
Operation is essentially the same since two stages of 
amplification are used to invert one of the outputs and thus 
provide a push-pull output. 


FAILURE ANALYSIS. 

General. When making voltage checks, use a vacuum- 
tube voltmeter to avoid the low values of shunting resist- 
ance employed on the low-voltage ranges of most volt- 
ohm-milliammeter testers. Be careful, also, to observe 
proper polarity when checking contunity or making resist 
ance measurements with the ohmmeter, since a forward 
bias through any of the transistor junctions will cause a 
false low-resistance reading. 

No Output. Lack of collector voltage, improper bias, 
or an open R3, R4, or Cec, will prevent Q1 from driving 
Q2 and there will be no output. The same result will be 
obtained if Q1 is defective. A defective Q2 or a com- 
ponent in that stage will affect only the cutput from Q2; 
the output from Q1 will be unaffected. Measuring the 
supply voltage, collector voltage, and bias with a valt- 
meter will usually indicate the portion of the circuit in 
which the defective part is located, If either R2 or R7 
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is open, the bigs will be determined by the internal 

base -to-emitter resistance of the transistors. However, 
when measured with a voltmeter from base to ground, the 
meter shunt will act as the lower portion of the bias divider, 
and cause a false indication. Check also for the presence 
of an input signal {use an oscilloscope or VTVM probe) 
since the phase inverter is usually RC-coupled to a pre- 
amplifier stage. An open output resistor or coupling 
capacitor in the preamplifier will not permit any input to 
appear at the base of Ql. Swamping resistor Rd or collec- 
tor resistor R3, if open, will prevent the flow of emitter 
and collector current. If R4 is shorted, the circuit will be 
temperature-sensitive, but it will operate normally other- 
wise; with a shorted collector load resistor (R3), no output 
will be obtained from Q) and, consequently, Q2 also. A 
leaky coupling capacitor, Cee, will not produce a no-output 
condition, but will cause partial clipping of the signal and 
distortion. If shorted, the increase in bias will drive Q2 
into heavy saturation, and, while the output of Q2 will be 
lost, an output will still be supplied from Ql. If RSis 
open, no output will be obtained from Q2; if RS is shorted, 
the outputs of Q1 and Q2 will be greatly different in ampli- 
tude, and distortion will be present. If bics resistor R6 

is open, contact bias will be placed on Q2; and thus the 
output will be distorted, and of larger amplitude than 
normal. If RQ is open, there will be no output from Q2. If 
collector resistor R8 is open or shorted, no output will be 
obtained from Q2. If the output coupling capacitors ore 
open, no outout will result; if they are otherwise defective, 
only reduced output will occur. Where the transistors are 
suspected, replace them with ones known to be in good con- 
dition. 

Reduced Ousput. Low collector voltage, improper bias, 
or a defective transistor can cause reduced output. 
Usually, a voltage check of the supply and bias will de- 
termine whether one or more of these voltages are at 
fault. If either of the swamping resistor bypass capacitors, 
Cl or C2 is open, the degenerative effect of the swamping 
tesistors will cause reduced output and require greater 
drive in the stage affected. Since Q1 drives Q2, and open 
Cl will change both outputs; if only C2 is open; only the 
output of Q2 will be affected. A leaky coupling capacitor 
Coe, will improperly bias Q2 and cause a clipped and 
reduced output. If one or more of the coupling capacitors 
are completely shorted, the collector voltage will be placed 
on the following transistor base, cause heavy flow of 
forward current, and bias the transistor into saturation, 
thus reducing the output of the stage to a small value. 
When normal voltages and bias appear to be present, use 
an oscilloscope to follow the waveform through the circuit. 
When the waveform changes amplitude, the location of the 
trouble should be obvious. If all voltages and resistances 
check normal and yet the waveform is defective, then the 
transistor in that portion of the circuit is at fault. Replace 
transistors with ones known to be good, or use an in- 
circuit transistor tester if available, 

Distorted Output. Improper bias or supply voltage, 
overdrive, or a defective transistor can cause distortion. 
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Use an oscilloscope to check the waveform, after checking 
the bias and collector voltages with a voltmeter. Follow 
the jee it signcl through each stage to the output, check- 
ing for proper amplitude and polarity. The signal at the 
callectar o Qi should ve similar to that on the base, but 
of opposite po ; Lon the mse of 2 should 
de equal in amplitude m Ql, but of opposite 
polarity also. Both coflector cutputs to ground should be 
of equal amplitude but of cpposite polority. If the d-c pias 
and collector voltages are normal but ¢ distorted collector 
output occurs, the transistor is probably defective. Re- 
place the transistor with one known te be good. Make 

tain that the input 
an wilh ne G 


gnal is undistorted: Le ep the 


yitied and inverred iy a 
the circuit. Clipping of the peaks ond trou. cohea f the 
sigaal indicate that the input drive is tcc great. 


VIDEO AMPLIFIERS. 
The frequency cunye covered by the video amplifier is 

areatly extended over tet of the audio amplifier. Video 

frequencies extend from dc, or ¢ few cycles per seccad, 
to as high as 5 or 6 ea, depending upon the type 
of signals. For example, in television applications the 
picture information requires a uniform bandwidth of from 
60 cps to 4 mc, whereas in radar applications a band 
width of from apout 30 cps to 2 me is sufficient. In cir- 
cuits where sawtooths or pulsed waveforms are to be ampli- 
fied, it is necessary to cover o range of frequencies from 
ebout one tend ft 
at least ten times that of the highest frequency. 71 
extended range is necessary because waveshcpes which are 
not sinusoidal contain many harmonics, which must be aim- 
plified equally and without any phase delay in order to 
avoid distortion. The sinusoidal waveform requires caly 
sufficient uniformity of response tc pass its second ard 
third harmonics, because any other higher harmonics are 
of such small amplitude that they can ‘be considered neg- 
ligible as far as their effect on the shape of the waveform 
is concerned; on the other hand, the square wave, particu- 
jariy at tne lower frequencies, requires or intinite 
number of harmonics be passed for accurate reproduc: 
the waveshape. In practice, however, it nus been 
that for square waves, harmonies above the tenth, iike 
those greater than the third for the sinusoidal signal, are 
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electron-tube cifcuits (on the order of 10 yf). Even so, 
further compensation is required through partial bypassing 
of the collector load resistance to improve the low-frequency 
response and to prevent phase distortion at frequencies 
lower than 30 cps. Because the gain is highest at the 
lower frequencies, it is general practice to reduce the low- 
frequency and boost the high-frequency qain, to vbiuin 
uniform response for doth low and high frequencies. The 
high-frequency response is increased by using compensating 
circuits with inductance in the load circuit. The higher 
load reactance at the higher video frequencies causes a 
ae sutput voltage to be developed (when the output 

ould norma! ropoing), and thus extends the frequency 
‘he series inductance in the loud circuit also 
Tesonates with the stray asin) Circuit und tunsistor 
a high impedance parallel-resonant 
effective over a large range uf frequencies; 

known ay shunt peaking. Further extension of 

the response at the highest video frequencies employed 
is obtained by the use of an additional inductor in 
series with the coupiing capacitor. The series inductor 
and coupling capacitor form a series-resonant circuit at 
the very high video frequencies, to boost the response at 


y be 


the upper limits of amplification; this is known as 
series peaking. In ine iansistour video amplifier, the use 
9 


of combined shunt- and series-peaking circuits provides 
the maximum extension of high-frequency response. 

In the electron-tube video amplifier, further increase 
in high-frequency response is obtained by using a lower 
sistence then normal and by sacrificing some 
pens ae ag ‘h compensation is not possible with 
‘Sis lifter, however, since maximum 
out occurs up to mux, which is the upper limit of usable 
transistor gain. Above fmax the transistor gain drops off 
to practically Aothing, and the transistor no longer ampli- 
in the electron tube, however, the goin does not drop 
off until far past the highest video frequency (actually in 
the high r-t ranges), so that heavy loading can improve the 
response. Since the common-emitter circuit produces high 
gein, cascaded transistor stages can be mismatched so 
that the low-frequency gain is reduced to equal the high- 
I nenvide oniforn. response with 
Matching to obtain more gain is 
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ieedbucs iWup is usually provided to improve the stability 
and response. However, since the use of external nego- 
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WIDE-BAND VIDEO AMPLIFIER. 

The wide-band video amplifier is used to provide uni- 
form amplification of video frequencies in radar ond tele- 
vision receivers and display amplifiers before application 
to the cathode-ray-tube indicator or other video output 
device. 


CHARACTERISTICS. 

Common-emitter configuration is used to provide high 
gain. Transistors used must have an alpha (or beta) cut- 
off frequency higher than the highest frequency it is de 
sired to amplify. 

Class A bias is normally employed to minimize dis- 
tortion. 

Amplifier is specially frequency-compensated to pro- 
vide wide-band response. 

Compensating circuits may be employed in the base, 
emitter, or collector leads, and even between stages in 
the coupling circuit, to obtain the desired response curve. 

Input impedance is on the order of 10,000 to 15,000 
ohms, while the output impedance may be either high or 
low, depending on the requirements of the output device 
(high for CRT drive and low for coaxial line drive). 


CIRCUIT ANALYSIS. 

General. The wide-band amplifier may be either a 
single stage for light loads, of a number of cascaded stages 
to supply large driving voltages, where appreciable output 
power is needed. Usually the CRT indicator is driven by 
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the wide-band amplifier since only a little power is required 
to drive most cathode-ray tubes. The overall response is 
usually from 30 cps to 6 megacycles, although the response 
of television stages may be restricted to 4 mc, and that of 
radar stages to as low as 2 mc. When a response greater 
than 6 mc is needed, special design techniques are em- 
ployed, and the overall gain is usually much lower than 
that of the average wide-band amplifier. The transistors 
need not be matched, since design is accomplished for 
each stage individually, and the CE circuit provides 
better over-all response for mismatched stages. The rela- 
tively high-impedance load provided by a CRT is usually 
considered to be capacitively reactive, whereas the low- 
impedance load offered by the video (coaxial) line is 
normally considered to be resistive, since it is usually 
terminated by a resistor whose value is equivalent to the 
characteristic impedance of the line to avoid reflections, 
The types and methods of compensation are standard, but 
they may be used differently by each designer. It is usual- 
ly considered more important to obtain the desired gain and 
Tesponse thon to effect a savings by the limit use of parts 
and transistors. Where high power output is required, an 
external feedback loop is usually employed to provide 
stability and to improve the over-all response characteristic, 
in addition to the internal compensating circuits normally 
used. 

Circuit Operation. The following schematic illustrates 
a typical wide-band amplifier using two transistors in 


cascade. 


to 
~ 
— 


Coca 


Wide-Band Video Amplif 


In the schematic, Cee, couples the base of Ql to the pre- 
ceding stage, usually the video detector, and prevents 
the d-c base bias from being shunted through, or affected 
by, the detector circuit, Resistors Rl and R2 supply fixed 
voltage-divider bias to Ql, while R6 and R7 perform the 
same function for Q2. (See section 3, paragraph 3.4.1, for 
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a discussion of bias arrangements, and 3.4.2 for a discus- 
sion af stabilization methods.) R3 and R8 are the emitter 
swamping resistors for Q] and Q2, which dre bypassed by 
Ci and C3, respectively. L1, L2, L3, L4, and L5 are 
compensating inductors inserted to improve the high- 
frequency response, while RS and R9 are the collector load 
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resistors. R4 and C2 form a low-frequency boost circuit 

in the collector circuit of Ql. Cec, is the interstage 
coupling capacitor. L3, together with the input capacity to 
Q2 forms a series peaking circuit to improve the high- 
frequericy response, The operation of the amplifier is 
similar to that of any other common-emitter, RC-coupled 

's of the compensating 


cireuits. 

When a sine-wave input signal is applied to Cec,, ¢ 
voltage is developed across the series impedance of Ll 
and R2, and is applied to the base of Ql. Assume for the 
sake of discussion that the sine wave is increasing in a 
positive direction. This positive swing reduces the nega- 
tive base bias of Q1 and causes a reduction of emitter 
current. Since emitter resistor 3 is bypussed by Cl no 
degeneration is produced, However, as the emitter current 
reduces, collector current flow through R4, RS, and L2 
also reduces. As the collector current reduces, the collec- 
tor voltage rises towards the negative supply voltage and 
produces a negative-going output voltage. This output 
voltage is applied in series with L3 and Cce,, appears 
across base resistor R7, and is also applied to the base 
of Q2. The negative-going output of Ql increases the 
forward bias on Q2 and causes a greater flow of collector 
current through R9 and L5. At the same time the emitter 
current in Q2 also increases, but since it is bypassed by 
C3 only the high frequency component flowing through L4 
changes, and the medium and low frequency components 
are not affected. Thus, as the input waveform goes posi- 
tive, @ pusilive going and amplified cutput waveform is 
developed in the collector circuit of Q2. 

During the negative half of the input signal, the signal 
adds to the negative forward bias and increases current 
flow in the collector of Ql. The increased collector current 
flow creates a large drop across resistors R4 and R5 and 
inductance L2, developing a positive-going output voltage. 
This voltage applied in series with L3 and Cee, appears 
across R7 and the bose of Q2. Since it is positive-going, 
the forward base bias on Q1 is reduced and causes both 
the emitter and collector currents to tail aiso. The collector 
voltage of Q2, therefore rises towards the supply value and 
develops a negative-going output signal. Thus the input 
and output waveforms and voitages are in-phase. Since 
the transistors operate Class A, a linear and amplified output 
is produced. The frequency response and band pass are 
aifected by the compensating networks as follows. 

Tne iow-irequency response of the Q] stage is basica!, 
determined by the time constant of Cee, anid R2. Althougn 
Li is in series with R2, its effect at low frequencies is 
negligiole since its reactance is very Simiuil us Compared 
with the resistance of R2. LI is used to provide g high 
reactance (much larger than RZ} at the nigh vid 
quencies, to dvoid shunting them to ground through the 
relatively low resistonce of R2. Since there is more than 
adequate gain at low frequencies, it is unnecessary to 
avoid, or to compensate for, any low-frequency shunting at 
this point. Fixed bias is used so that Q] may be kept at 
the center of its operating curve foregual positive and 
negative swings, as is typical of Ciass A operation. 3 
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differentials. When on increased emitter current flows 
through R3, a positive voltage is produced; this voltage 
opposes the forward bias, reduces emitter current and 
returns the operation to normal, Thus, R3 provides con- 
ventional emitter swamping action. Since Cl bypasses 93, 
the a-c (signal) variations of emitter current do not pass 
through R3; tence, R3 has no effect on normal signal oper- 
ation, As the collector current increases, electron flow is 
from the supply through R4, RS, and L2 to the collector. 
At low frequencies the reactance of L2 is very small, and 
it has practically no effect. Also, at these frequencies 
the reactance of C2 which bypasses Rd is very large, and 
can be considered as open. Thus, both RS and R4 combine 
to form the collector load at low frequencies, At medium 
3 the reactance of C2 becomes very 
smal] and can be considered to short-circuit R4. There- 
tore, as the frequency increases, Rd is shunted out of the 
circuit, the collector load becomes smaller, and less out- 

ut yultuge is developed. Nate that at the lower frequen- 
cies the output voltage is increased over what it would 
normally be without R4 and C2 in the circuit. Consequently, 
the combination of R4 and C2 function to extend the low- 
frequency response. As the high frequencies increase, the 
shunt output capacitance of Q] andthe shunt input capa- 
citance of Q2 tend to bypass the signals to ground, thus 
lowering the output voltage at the higher frequencies, To 
compensate for this effect, L1 offers an increasing react- 
ance {as the frequency increases) and, together with the 
output capacitance of Q1 (and stray shunt circuit capaci- 
tance to ground). forms a parallel-resonant circuit. Since 
collector resistor FS is in series with this resonant circuit, 
it is broadly resonant so that the load impedance is in- 
creased over the mid-high-trequency ranges, and the output 
voitages does not drop over these ranges as it normally 
would. Thus, the bypassed resistor and the series inductor 
extend the low-frequency response and the high-frequency 
tesponse oj the citcuit, respectively. 

The output of the Ql stage is coupled through capaci- 
tor Cee, to the base of QZ. Although L3 is connected in 
series between the collector of Q] ond coupling capacitor 
Cee,, it hes little reactance at low frequencies and thus 
has practically no effect on the low-frequency response. 
Cee, is large and uppears as a short circuit to the output 
signal from Ql, so that the signal is applied to the base of 
Qd with pronticiiyy ae attenuation. Although the low value 


fs to shunt the input signal to 
Lp Sta sal Ng and does so equaily 
fi However, the input capacitance to Q2 
is frequency-res porsive and shunts the higher video tre- 
quencies tc ground oss and to 
increase the ign fea ueriey esponse, the value of L3 is 
chosen tc resonate with the input capacitonce of Q2 at the 
gher video frequenc: Thus the high-frequency re- 
sponse 1s extended by this series peaking circuit to compen- 
sate for any input shunting effects. The signal at the base 
of Q2 is, of course, inverted in poiarity by passage through 
the Q1 stage, and is again inverted in the Q2 stage to 
provide an output polarity which is identical to that of the 
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input signal. = 
Sr othe low vider frequencies swamping resister AY 
is shunted by 03, even though 14 is connected in series 
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with C3, since the reactance of L4 is negligible at the low 
frequencies. As the video frequencies increase, however, 
the reactance of L4 increases while the reactance of C3 
decreases. In effect, L4 acts as a choke preventing the 
passage of high-frequency components around R8. Since 
the high frequencies must now pass through R8, a degene- 
tative voltage is developed by the flow of signal emitter 
curent through R8. This degenerative voltage opposes the 
normal forward bias and requires a larger input signal to 
produce the same output. This is the same action that 
occurs with a partially bypassed emitter resistor, and is 
equivalent to negative feedback. Thus, the response at 
the middle and upper video frequencies is kept uniform, 
and positive feedback through capacitive coupling of the 
input and output signals is prevented with a slight loss in 
gain. At the frequency where the reactances of L4 and C3 
are equal, series resonance occurs, and R8 is completely 
shunted (short circuited); there is no degeneration, and a 
peak response occurs. For all other frequencies L4 and 
C3 function as a variable-impedance shunt around R8. 

Q2, like Ql, is biased Class A, and operates at the 
center of its transfer characteristic. Therefore, equal input 
swings develop equal and undistorted outputs across col- 
lector resistor RQ. Compensating inductor L5 is connected 
in series with R9 as a shunt peaking circuit, to improve 
the high-frequency response and correct for the shunting 
effects of the collector-to-emitter capacitance of Q2, as 
well as the stray circuit capacitance in shunt toground. 
When the output is applied to the control electrode of a 
CRT, the value of collector resistor R9 is made large in 
order to develop a large voltage drive. With a low-impedance 
output, R9 is usually made to match the impedance of the 
load, being on the order of 50 to 300 ohms, as required. 

The schematic circuit just discussed illustrates the 
standard forms of frequency compensation employed in 
video amplifiers; however, each wide-band amplifier 
varies somewhat because of the desired response char- 
acteristics and the differences between the transistors. 
For example, in one amplifier compensating circuits may 
not be used in the base or emitter loads, but only in the 
collector and coupling circuits, whereas in another 
amplifier compensating circuits may be used in the leads 
of each transistor element. Usually, the greater the number 
of compensating circuits used, the greater the bandwidth 
and the better the uniformity of response. 


FAILURE ANALYSIS. 

General. When making voltage checks, use a vacuum- 
tube voltmeter to avoid the low values of shunting resistance 
employed on the low-voltage ranges of most volt-chm-milli- 
ammeter testers. Be careful, also, to observe proper 
polarity when checking continuity or making resistance 
measurements with the ohmmeter, since a forward bias 
through any of the transistor junctions will cause a false 
low-resistance reading. 

No Output. Lack of on input signal, improper bias, lack 
of supply voltage, or a defective transistor can cause a no- 
output condition. Use a voltmeter to determine the supply 
voltage and bias. Note that the voltmeter shunt will com- 
plete the circuit when you are reading voltages across open 
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components; thus, erroneous indications can be obtained, 
leading to false conclusions. To avoid errors of this kind, 
it is better to use an oscilloscope to observe the waveform 
on the base of Q1, and to follow the signal through the 
circuit, noting where it disappears, The trouble exists 
between the points where the signal last appears and where 
it disappears. Ii a signal exists on the base of Q] but not 
on the collector, either R2, R3,R4, R5, Li, or L2 may be 
open. Continuity or resistance measurements will determine 
the defective part. This same condition can also be caused 
if Ql is defective. When the other parts check properly, 
substitute a transistor known to be good to determine 
whether the transistor is at fault. If a signal exists at the 
collector of Qi but not at the base of Q2, either L3, Cec, 
or R7 may be open, or Q2 may be defective. A resistance 
check will determine whether L3 or R7 is open; if neither is 
open, Cec, or Q2 must be at fault. Check the value of the 
capocitor with an in-circuit capacitance checker. Ifa 
signal exists at the base of Q2 but not at the collector, 
either R8, R9, or L5 is open, or Q2 is detective. If R8, RQ, 
and LS show continuity and proper resistance when checked 
with on ohmmeter, Q2 must be defective. Replace the tran- 
sistor with one known to be good. 

Reduced Output. Reduced output may be caused by im- 
proper bias, low collector voltage, a change in the value 
of the emitter and collector resistors, or defective tran- 
sistors. The approximate bias ond collector voltages can 
be determined with an ohmmeter. Then use an oscilloscope 
to follow the waveform through the circuit, noting where the 
amplitude of the signal changes to localize the trouble to 
the defective portion of the circuit. If R] increases in value, 
the base bias on Qi will be lowered; if Ri opens, the fixed 
base bias on Q1 will be effectively zero. Either condition 
will cause a reduction in output and probably an increase 
in distortion. lf R6 increases in value or opens, it will 
create a similar condition for Q2. If either Cl or C3 is 
open, excessive emitter degeneration will occur and drasti- 
cally reduce the output. If either RS or R9 becomes shorted 
or changes to a lower value, less output voltage will be 
developed. A similar condition will be caused if Q2 is 
defective. The resistors can be checked for their proper 
values with an ohmmeter, and the capacitors can be checked 
with an in-circuit capacitance checker. Replace Q2 with a 
transistor known to be good when all other parts check 
normal, 

Distorted Output. Improper bias, overdrive, low col- 
lector voltage, or defective transistors can cause dis- 
tortion. The bias and coljector voltages can be deter- 
mined with a voltmeter. Distortion can be most quickly 
seen and located by the use of an oscilloscope. Apply an 
undistorted signal and check the waveform through the cir- 
cuit. The location of the trouble will be evident when the 
waveform departs from normal. Overdrive will usually be 
indicated by ¢ flattening of the tops ond bottoms of a 
sinusoidal waveform, indicating thot the signal is exceeding 
the bias voltage at the peaks. In the case of a square wave 
the amplitude will be reduced, causing amplitude distortion. 
Since the wide-band amplifier covers a large range of fre- 
quencies, and the low frequencies are particularly suscepti- 
ble to phase distortion, it is preferable to use square wave 
for testing. Because it takes a number of harmonics to pro- 
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duce a square wave properly, the entire audio range may be 
checked by applying only two different square-wave fre- 
quencies, such as 60 cps and 1000 cps. The video response 
can likewise be checked every 5kc up to Ske (the usual 
limit of generator range). A sloping response to the leading 
or tailing edge of the waveform indicuies poor high-fre 
quency response, while a sloping flat top indicates poor 
low-frequency response. By temporarily short-circuiting a 
specific compensating circuit, the effectiveness of the 
portion under suspicion can be gauged. Listortion caused 
by regeneration (positive feedback) sometimes occurs in 
high-gain amplifiers, and is shown by a large-amplitude 
tesponse peak (sometimes by oscillation}, usuclly over 
aismall rangovel frequengies: In comparison with wide- 
bond amplifier known to be operating properly, it will 

show as a hump or peak in what ordinarily would be a flat 
curve of uniform response. 


R-F AMPLIFIERS. 

General. The transistors used for -f amplifiers differ 
in a number of respects from electron tubes. The forward 
transfer admittance is roughly 15 to 40 times larger than 
the corresponding tube transconductance. Both the input 
admittance and the input capacitance are also correspond- 
ingly larger. The base-to-collector capacitance may be equal 
to, or even less than, the qrid-to-plate capacitance of an 
electron tube. However, because of the lower impedance 
levels involved in the transistor, this capacitance dees not 
have as much importance as it has in tube circuits. The 
series resistances of the transistor elements also become 
higher ot radio frequencies and produce a number of effects. 
For example, the base spreading resistance increases the 
amount of drive power required and causes instability in the 
amplifier. The emitter series resistance decreases the 
amount of drive power required, and also limits the amount 
of usable amplification because of the additional deqenera- 
tion produced. The collector series resistance adds to the 
total output impedance to increase the gain, but also re- 
duces circuit stability because of the possibility of regener- 
ative feedback due to the higher gain, A phase shift is also 
produced in the output because of this collector resistance. 
Each of the above items will be discussed in more detail 
at the appropriate points below. 

The tuned r-f amplifier is consid 
band amplifier rather than a 
it passes only a rel 
about the center of its 
‘wide-bend) amp! 
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hand, it snould be noted that the r-f amplifiers used in 
television service, or for pulsed moduijation, require a 
much iarger bandwidth to accomodate the :sany sicebeng 
frequencies associated with these tvpes of transmissions. 
Such amplifiers are considered io be special wide-band 
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a narrow-band r-f amplifier, but a 30-me carrier contain- 
ing a 10-me modulation frequency would require a wide 
band r-f amplifier. Since semiconductor wide-band r-f 
amplifiers are not yet commonly used, the circuits to be 
discussed later in this section concern the conventional 
narow-band t-i amplifier, 

R-F amplifiers are used for both receiving and trans- 
mitting. A receiver uses a low-power, small-signal ampli- 
fier, while a tromsmitter uses a high-power, large-signal 
amplifier. Except for the conditions required by the pow- 
et consideration, both types of amplifiers are similar and 
operate identically. Unfortunately, however, the transis- 
tor response or power gain is reduced as the frequency is 
incteased. The respénse curve ofc trensicte: is similer 
to that of a low-pass filter. That is, up to a certain 
frequency the gain is fairly uniform, and beyond this cut- 
off frequency the output drops rapidly toward zero. The 
limit of this upper cutoff frequency and the rapidity of 
dropoff depend to a great extent on the type of transistor 
and its composition. Many different types of transistors 
have been developed to extend the usable high-frequency 
Tange, such as the surface barrier transistor, the drift 
transistor, and others. 

In addition to the loss of aain at the hicher frequen- 
cies, the action of the transistor becomes complex; the 
transistor does not operate exactly the same at high fre 
quencies as it does at lower frequencies. The internal 
tesistance changes, and the effects of the junction capa- 
citances become more pronounced. In high-frequency-ampli- 
fier applications, the collector-to-base capacitance causes 
positive feedback that may result in oscillation. The aver- 
age value of collector-to-base capacitance for high-fre- 
quency transistors is on the order of 2 picofarads, as com- 
pared with 50 picofarads cr more for transistors used at the 
lower (audio) frequencies. The base spreading resistance 
{resistance of bulk material of base) of the transistor 
increases at high frequencies, and the shunting effects 
of the low-resistance path produced by forward conduction 
of the base emitter junction tend to lower the input 
resistance, while the forward bias ects to reduce the 
width of the depletion areas and thus increase the base-t0- 
emitter cupucitance, At the same time, the Internal fluw uf 
emitter current through the base-collecter junction also 
teduces the width ol the FN junction and increases the 
capacitance betwee: i i 


high frequencies the collector 
be as hish-as 
capacitance, 
generally gives 
common-emitter circuit, 
common-emutter circuit. Since the commor-eniitter circuit 
tends to be more stable at the higher frequencies than 
either the common-base circuit or the common-collector 
circuit, the design trend is to use transistors with a high | 
alpha cutof! frequency, ane ihe CE configuration for highe 
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cies, interelectrode capacitance causes positive feed- 

back and oscillation. Neutralizing circuits are usually 
provided to prevent oscillation and to insure maximum 

gain with stability. Likewise, in the transistor r-f 
amplifier, the effect of the base-collector capacitance 

and the development of negative resistance through a 
change in internal parameters also causes oscillation. 
Neutralization circuits are used to prevent this oscillction 
and to obtain maximum gain. Neutralization represents a 
special form of unilateralization at a singie frequency. 
When we speak of uniloteralization, we are talking about the 
the methods of making the transistor a one-way device. 

In other words, the input circuit is unaffected by the output 
circuit. Recall from basic theory that there is a reverse 
current effect and common impedance coupling within the 
transistor. This means that any change of current in the 
output circuit also develops a feedback current which af- 
fects the input circuit, and vice versa, Thus in tuned am- 
plifiers a change of tuning in the output stage reflects back 
as a change of capacitance in the input circuit, and also as 
a change in the amount of output fed back into the input. 

In cascaded tuned stages such effects would cause align- 
ment problems, As each stage was adjusted the preceding 
Stages would have to be readjusted, since each adjustment 
would change the previous adjustment. The result would be 
that no two alignments would be alike and, likewise, neither 
would the performance and selectivity of the r-f amplifiers 
stages be coi iparable. Unilateralization deals with the 
method or circuitry whereby both the resistive and reactive 
portions of the circuit are cancelled so that there is no 
feedback from output to input, and, power flows unilaterally 
in only one direction, from input to output. Unilateralization 
of the circuit is not frequency-responsive; it is effective 
for all frequencies. On the other hand, neutralization is 
effective for only a single frequency or a relatively small 
range of frequencies. For example, it is only necessary to 
neutralize an i-f stage because it operates at a fixed center 
frequency. However, an r-f amplifier used in a multi-band 
receiver requires unilateralization to prevent the possibil- 
ity of feedback or oscillation on any of the frequency ranges 
over which it operates. 

A typical example showing the feedback elements and 
unilateralization elements involved in a common-base am- 
plifier is illustrated scheinatically in the accompanying 
figure. The elements rb, re, and Ceb in the illustration 
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ure the internal parameters which cause feedback and os- 
cillation at radio frequencies. Resistorr’b is the base 
spreading resistance, Ic is the resistance of the collector- 
base junction, and Ceb is the capacitance of the celiector- 
base junction. The resistance of the collector-base junction 
is very high because of the reverse bias placed on the col- 
lector. At very high frequencies Ceb effectively shunts 

te. Assume that cn input signal adds to the forward bias 

on the base (the base and collector bias supplies are not 
shown on the schematic for simplicity) and causes the emit- 
ter to be mcre positive than the base. Collector current ic 
increases in the direction shown by the arrow. A portion of 
the increase in collector current is fed through Ceb and 

1b in the direction shown by the arrow, and produces a volt- 
age with the indicated polarity. This internal feedback 
voltage developed across rb is of the same polarity and 
adds to the input voltage, causing a further increase in ic; 
this action is regenerative and represents positive feed- 
back, which will produce oscillation. The external circuit 
elements inserted to neutralize this action are RN,, RN,, and 
CN; they correspond respectively, to r‘b re, and Ccb. Since 
at high frequencies CN shunts RN,, this resistance is 
necessary only at the lower radio frequencies. It is clearly 
seen that when the input signal causes a feedback voltage 
across rb, a portion of increased collector current ic is also 
fed back through CN and RN, to the base, The direction 

of this external feedback voltage is as indicated on the 
schematic, and is direct opposition to the voltage developed 
actoss tb. When the internal and external feedback voltages 
are made equal, since they are of opposite polarity, they 
cancel and no positive or negative feedback occurs; thus, 
the circuit is unilateralized. In the common-emitter circuit, 
since the polarity of the collector is opposite that of the in- 
put, 101s necessary to develop an out-of-phase voltage and 
feed it back to the input. This 1s done through the use of 

a transformer, using the secondary winding to invert the 
feedback voltage, through a tapped tank circuit, or by use of 
a bridge circuit, as will be shown in some of the following 
circuit explanations. In some instances an inductance con- 
nected in series with a blocking capacitor is used between 
the collector and the base, with the inductor and the dis- 
tributed capacitance in the collection circuit operating as 

a tuned, parallel-resonant circuit. However, inductive 
arrangements tend to be critical in adjustment since they 
are resonant only over a small range of frequencies near the 
center resonance point, and thus are not as frequently used. 
Partial emitter degeneration is sometimes employed ina 
similar manner to provide the feedback voltage. The ac- 
companying figure shows some typical feedback circuits 
used for neutralizing the common-emitter configuration. The 
parts identifications are identical with those used in the 
common-base circuit explained above, and operate in exactly 
the same manner; therefore, no further explanation is in- 
cluded to supplement the figure. 


6-B-46 


ELECTRONIC CIRCUITS 


NAYSHIPS 


Rn 
Ql 
; a2 
2 e + J. Bey 
9 me LL. | ite | 
iN LL cl L3 Ls 
-_- e ts 
SERIES R-C 
RW 


TAPPED TANK COIL 


() 


J LS 
cl ny “ RN Cy CIR aCyRy 
o 
BRIDGE CIRCUIT 


Typicol Common-Emitter Neutralizing Circuits 


CHANGE 


0967-000-0120 AMPLIFIERS 
Selectivity and Impedance Matching. Since the natrow- 
band amolifier operates to amplify a band of frequencies 
around the center carrier) frequency, tuned circuits are 
selectivity. R-F am- 
olifiers and 1-f amplifiers are almost identical. Both are 
ers, but the i-f amplifier operates at a 


) fequency, which is usually lower than 


fixed (interned 
the frequency of the r-f amplifier. The r-f amplifier nor- 
mally consists of only one (or at the very most two) stages, 
whereas the i-f amplifier uses a number of cascaded stages 
to obtain high gain with the desired selectivity at the fixed 
i-f frequency. While the r-f amplifier is tunable over the 
entire range of reception, the i-f amplifier is fixed-tuned over 
ontv q small frequency fange ubvui ihe intermedi 
cy. The selectivity is determined by the Q of the tuned 
circuit; the higher the unloaded Q, the greater the selec- 
ty. When loaded the Q will drop; thus, the design is 
based upon the unloaded Q, since the ioading is usually 
determined by the circuit configuration and bias. The pass 
band of the tuned circuit is considered to be that range of 
frequencies covered between the half-power points on the 
selectivity curve (these occur at 70.7 percent of peak am- 
plitude). Thus, a response down 3 db at Ske on either 
side of the center (cartier or i-f) frequency covers a range 
of 10 ke in band-width. 

Although matching input and impedances will provide max- 
imum transistor power gain, this is not always possible. 
It is sometimes necessary to sactifice gain to obtain the 


sain. Fema ues 
ake Trequen. 


desited selectivity. In some instances by mismatching 
stages with individual high gain it becomes unnecessary to 
uniloteralize or neutralize the stages. It is also difficult 
to obtain a hiqn-Q circuit if the input or output resistance 
of the transistor which shunts it is low. Therefore, a varie- 
ty of circuit devices are used to obtain the desired match- 
ing impedance while maintaining a high Q for optimum selec- 
tivity. Hence we tind the simple single-tuned, parallel- 
resonant tank, so popular with electron tubes, replaced by 
a tapped tank, or tuned by a capacitance divider for im- 
pedance transtorming purposes. The foilowing figure shows 
typical forms of coupling circuits used between cascaded 
stages of r-{ or i-f amplifiers. 
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In circuit A, the conventional single-tuned, transformer- 
coupled circuit is shown; the impedance relationships vary 
as the square of the turns ratio. In circuit 3, ¢ tapped auto- 
transformer is used; L1 plus L2 are the primary, while L2 
is the secondary producing a step-down impedance ratio. 
In circuit C, a capacitance divider is used to reduce the 
impedance between the input and the output. In circuit D, 
both the input and output impedances are different, and L] 
helps to improve the over-all Q of the tank circuit. In E, a 
double-tapped transformer is used to supply high-Q primary 
and secondary tanxs with the proper impedance matching for 
the input and the output. Since the Q of the circuit de 
pends on the ratio of reactance to resistance ina coil, the 
lower the resistance and the higher the inductance, the 
larger the Q. Therefore, to match the low values of input 
and output resistance in the common-emitter circuit, the 
large inductance is tapped at an appropriate peint along the 
inductance. The square of the turns ratio between the 
lower and upper halves of the inductance determines the em- 
pedance at the tap. For example, in circuit B of the pre- 
ceding figure, assume that the collector output impedance is 
on the order of 10,000 chms and that the tap is located 
1/5 of the distance between L1 and L2; since L1 will have 
5 times as many turns as L2, a 25-to-1 impedance reduction 
tesults (impedance varies as square ot turns ratio), The 
output impedance across L2 then would be roughly 400 ohms, 
and suitable for matching the input to a common-emitter 
stage. Naturally, the exact calculation is not as simple 
as in the example, since the loading effects of circuit ca- 
pacitance and shunt internal impedance must be considered; 
however, the example serves to illustrate the basic prin- 
ciple involved. In practice, the exact location cf the tap 
is made experimentally, using the design equations as a 
guide. 

At the higher frequencies, with a smaller number of sec- 
ondary turns, unity coupling in r-f or i-t transformers be- 
comes difficult to achieve; thus, capacitive coupling is 
generally used. Where extreme selectivity is desired, the 
transformers are usually double-tuned (both primary and sec- 
ondary are tuned). This produces a sharper response, since 
two tuned circuits are used instead of one, and a flatter 
over-all response also results. Cascaded stages are often 
stagger tuned to provide a wider band pass; this is univer- 
sally done in television i-f amplifiers. 

The receiving r-f amplifier uses Class A bias to avoid 
distortion, while the transmitting r-f amplifier operates 
Class B or C for efficient power generation. At the present 
time, the following circuit discussions are limited to re 
ceiving types of r-f or i-f amplifiers. 


TUNED INTERSTAGE ({I-F) AMPLIFIER. 


APPLICATION. 

The tuned interstage i-f amplifier is used in superhet- 
erodyne receivers to produce high gain and the desired 
selectivity. 
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CHARACTERISTICS. 

Operates at a fixed frequency and is tunable over a small 
range for alignment ond adjustment of band pass . 

Uses either single- or double-tuned coupling {i-1) trans- 
formers, 

Uses Class A bias to minimize distertion. 

Common-emittet configuration normally used, although 
common-base circuits may be encountered in some applica- 
tons. 

Usually includes ¢ neutralization circuit to prevent 
internai feedoack from causing self-oscillation. 


CIRCUIT ANALYSIS. 

General. Tne i-f amplifier in a superheterodyne re 
ceiver determines the selectivity and gain, 3y using a num- 
ber of cascaded tuned stages operating at a relatively low 
radio frequency as compared with the fundamental received 
fequency, higher gain per stage is oktained than would be 
possible at the signal frequency. By using a nuiber of 
tuned circuits, the selectivity is increased over thet of a 
single tuned circuit. The acce:npanying figure illustrates 
the manner in which the selectivity and band pass are af- 
fected by a number of tuned circuits. 
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Effect of Tuned Circuits on Pass Band 


In part A of the figure, the selectivity curve produced 
by a single tuned circuit is shown. In part B, the double- 
humped curve produced by o stagyer-tuning two i-f stages is 
shown (ovetcoupled circuits also produce a similar re- 
sponse). In part C, the individual response curve are super- 
imposed on each other. In port D, theidealized response is 
shown. These coupling circuit techniques are similar to 
those used in electron tube circuits. Since the tuned cir- 
cuits in the i-f amplifier form a coupling network matching 
the output of one stage to the input of the next stage, it is 
necessary to hold losses in the network to a Icw value. 
itis also necessary to match the output and input impedance 
to oDtcin maximum gain. At the same time, the unloaded Q 
of the coupled circuits must be kept as high as possible to 
retain a good selectivity characteristic. Because of the 
relatively low input and output impedance of the transistor 
and the large capacitance between emitter, base, and col- 
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lector, design problems are created which do not occur in the 
electron tube circuit. For example, the power transfer ef- 
ficiency between the primary and secondary of a tuned trans- 
former is maximum when beth the unloaded Q end the bend 
pass ore elotges dhusts a high power transfer and a narrow 


ements. Since the band- 


pass requirement is determined by the amount of selec 
desired, if the input and output impedance are matched, 

the power transfer can be improved only by raising the un- 
loaded Q. 

The common-emitter circuit has a low input resistance 
together with a high input capacitance, and the output im- 
pedance is moderately high with a large shunt capacitance, 
Therefore, in interstage coupling transformers an impedance 
step-down (which varies as the square of the tums ratio) is 
tequired to match the high output impedance to the low in- 
put impedance of the next stage. In addition, the total 
circuit capacitance must be considered when determining 
the inductance needed to resonate at the intermediate fre- 
quency. Thus, the reflected input (secondary) capacitance 
(which varies inversely as the square of the tums ratio), 
plus the primary shunt collector and wiring capacitance, to- 
gether with the actual primary tuning capacitor, form the 
total tank tuning capacitance. When calculated for a given 
set of design considerations, the inductance is often very 
small and, at an i-f of 455 kc, requires a very large tuning 
capacitance to obtain resonance. While the large tuning 
capacitance has the beneficial effect of sycinping out the 
compatitively smaii ansistar capacitances, i 
to build a small inductance with a high Q. Therefore, it 
becomes necessary to increase the small value of primary 
inductance to a larger and more practical coil value. By 
increasing the inductance, (for example 100 times), the tun- 
ing capacitance can be reduced to only one one-hundredth 
of its former value and still resonate at the same inter- 
mediate frequency. Although a high-Q circuit, the primary 
tank now has an impedance of 100 times the original value. 
To retain the original impedance to match the transistor, 
the tank is tapped to produce a ]0-to-1 turns ratio (the in- 
ductance functions as an autotransformer), and the tran- 
sistor is connected across the lower-impedance portion of 
the ptimary winding. 

With the primary tank matched for proper power transfer 
the turns rotio between the entire primary and secondary is 
selected to produce the proper step-down ratio. 
unpedances involved are matched for efficient power tra 
fer. if necessary, the i-i secondary may uiso be tapped in 
a similar manner to obtain a high-Q input tank. The follow- 
ing tigure uiustrates the manner in wich ihe desized seiec- 
tivity and impedance matching are obtained in a simpie 
single-tuned 1-f transformer designed for u 45>ke i-f. 
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Circuit Operation. The sciemaue of a typi 
i+ fash with h neutralization; employing the cor 


ender c 


The ‘nna signal is coupled to the base of Q1 through 
Ti. LF tansformer Tl is double-tuned, with L1, C] form- 
ing the primary tank and L2,C2 forming the secondary tank, 
The low, pase-input impedance 1s matched for maximum 
transfer of power by tapping it down on inductance L2, 
thereby retaining the high Q necessary for good selectivity. 
Trimmer capacitors C} and C2 tune the i-f transformer over 


CS oureur 


a smali ronge ulwui the center froqu tting exact 
alignment at the intermediate frequency. Class A bias is 
supplied to the bese of Q1 through valtage divider H] and 


S3are the con- 


SS capacitor. 


(See section 3 Paragraph 3.4.1 lor a discussion oi pia: 
ragraph 3.4.2 for a discussion of stabili 
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zation methods.) Output transformer T2 couples the col- 
lector of QI to the base of the following stage. The primary 
of T2 consists of L3 tuned by C4, and the secondary con- 
sists of L4 tuned by C5. L3 is topped to match the col- 
lector output, provide maximum power output, and yet re- 
tain the high Q necessary for selectivity. Capacitor C7 is 
used to bypass the collector supply. Neutralization is pro- 
vided by RC network CN, RN, connected from the secondary 
of T2 to the base of Ql. The feedback is taken from the 
transformer secondary to provide o 180-degree phase shift 
or polarity inversion, to cancel the internal feedback devel- 
oped within the transistor, 

In the absence of an input signal, the fixed bias deter- 
mined by the ratio between Rl and R2 causes QL to draw 
its quiescent value of collector current. Qi operates at 
the center of its characteristic transfer curve to permit 
equal positive and negative swings. Since the quiescent 
current is steady, nc output is developed, Assume an input 
signal within the intermediate frequency band pass is ap- 
plied to the Tl primary. Primary tank C}, L1 oppears as a 
high impedance to those frequencies within the band pass, 
and, since it is a resonant load for the preceding stage, it 
develops a large voltage across L}. This primary voltoge, 
in turn, induces a voltage in the L2 secondary. The secon- 
dary is tuned by C2, and is resonant at the same inter- 
nediate frequencies. Therefore, a large voltage is devel- 
oped for those frequencies which are within the band pass, 
and a portion of this voltage developed between the tap and 
gound (since C6 provides an r-f shunt atound R2, and places 
the rotor of C2and the lower end of L2 ot ground potential) 
is applied to the base of Q]. These i-f frequencies are 
essentially sinusoidal; they consist of the fundamental (or 
carrier) and modulation which appears as sidebands above 
and below the center frequency. Assume that a half-cycle 
of this frequency is negative and adds to the normal forward 
bias applied to Q1. For the duration of this negative-going 
half-cycle, the emitter and collector current of Ql increases 
sinusoidally, in synchronism with the amplitude of the ap- 
plied signal. 

Since the collector is tapped to L3 any current flow 
through the tap to the ground end of the coil also induces 
a voltage in the top portion by autotransformer action. Ca- 
capacitor C4 tunes L3 to the intermediate frequency, and 
the tank appears as a high impedance to those frequencies 
within the i-f pass band. Thus, a large voltage is developed 
acrass the primary of T2 and induces, by transformer action, 
d voltage in the tuned secondary circuit. The tapped portion 
of L3 also provides an impedance transformation. With the 
lower end of L3 supplying an impedance equal to the collec- 
tor impedance, maximum power transfer occurs through the 
transistor. The upper portion of L3 (above the tap) provides 
a higher impedance, which allows a sufficiently high Q to 
be obtained to provide sharp tuning and selectivity despite 
the loading effect of collector current flow through the bot- 
tom of the coil. Thus, only frequencies within a narrow 
band pass around the carrier {i-f) frequency are amplified 
strongly, and the frequencies outside the band pass are te- 
duced in amplitude and effectively rejected. 
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During the remaining (positive) half of the sinale 1-f 
cycle, the signal opposes the forward bias and causes a re- 
duction in the emitter ond collector current. These alternate 
incteases and decreases in current occur at i-f rates, and 
are equivalent to an a-c current flow; thus, the a-c signal 
variations induce an output voltage in the secondary of T2. 
If the current did not vary with the signal, but rather re- 
mained steady, no transformer action could occur. 

While the d-c emitter current flows through R3, the i-f 
variations are bypassed by capacitor C3 so they have no 
etfect on emitter resistor R3. Thus only small current 
changes (induced by temperature changes), consisting af 
slow, d-c variations of emitter current, affect R3. Since 
electron flow is from emitter to ground, the current chang- 
es produce an oppositely polarized voltage which substracts 
from the normal forward bias and returns the emitter cur- 
Tent to its previous value. This is conventional emitter- 
swamping action. 

The output impedance of the collector is reduced by the 
step-down turns ratio between the primary and secondary to 
a value suitable for matching the input impedance of the next 
i-f stage. Tank circuit L4 and C5 is also tuned to the 
intermediate frequency and selects only the desired signals 
for application to the next stage. The use of a number of 
tank circuits provides a relatively flat but sharp select- 
ivity curve, as explained previously in the introduction 
to this circuit. 

When the intermediate frequency is high enough 1o cause 
some of the collector output to be.coupled back to the base 
through the collector-to-base capacitance and develop a 
feedback voltage through the internal base spreading resist- 
ance, oscillation occurs in the i-f stage. Therefore, CN 
and RN are used to feed back a voltage from the secondary 
of T2, whose phase is opposite that of the collector output, 
to the base of QI. With an equal voltage of opposite polar- 
ity, the internal feedback voltage is cancelled and oscil- 
lation cannot occur. In some circuits RN is not used; CN 
is sufficient. In some circuit designs, mismatching of the 
stages is used to avoid feedback and oscillation, with some 
loss of gain. Usually, only as many stages as are neces- 
sary ate used to provide satisfactory selectivity, since 
the more the stages the greatet the feedback possibility. 
Likewise, double-tuned circuits are not used where single 
tuned transformers are satisfactory. 


FAILURE ANALYSIS. 

General. When making voltage checks, use a vacuum- 
tube voltmeter to avoid the low values of shunting resist- 
ance employed on the low-voltage ranges of most volt-ohm- 
nilliammeter testers. Be careful, also, to observe proper 
polarity when checking continuity or making resistance 
measurements with the ohmmeter, since a forward bias 
through any of the transistor junctions will cause a false 
low-resistance reading. 

No Output. Lack of an input signal, improper bias, Jack 
of supply voltage, or a defective transistor can cause loss 
of output. Check the bias and supply voltages with a volt- 
meter. If Rl is open, the base bias will be zero, which cor- 
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tesponds to Class B operation, and there is a possibility 
that strong signals may produce a partial output. However, 
if R2 is open or if the secondary of T1 (L2) is open, the 
base circuit of Q] is also open and no output can occur. 
Should the primary of T! (L2) be open, there will be no col- 
lector voltage applied to the preceding stage, and no trans- 
tez of signal to Ql. Since the i-f stage operates at radio 
frequencies, use an r-f probe in conjunction with a vivm, o 
an oscilloscope, ta determine whether a signal appears on 
Li. If R3 is open, the emitter circuit will be incomplete 
and no output will be obtained. Use an ohmmeter to de- 
termine the continuity and resistance of R3. Ifa voltage 
exists at the base of QI but not at the collector, either T2 is 
defeciive oi C7 is shorted. A d-c voltage reading hetween 
the collector and ground with no output indicates that either 
Ql is detective or T2 is short-circuited. Check T2 for 
shorts with an ohmmeter and then replace Qi with a tran- 
sister known to be good. Hf neutralizing capacitor CN is 
shorted, the base of the following stage will be directly 
connected to the base of Q1 and will shunt transistor Q1. 
There will be a loss of amplification, but not necessarily 

a complete loss of output. However, if the capacitor is 
open, osciliation will occur and may couse blocking due to 
cg change of bias {the transistor will rectify the oscil- 
lation and produce a d-c bias). Or, if the oscillation is not 
strong enough, a partial output may be obtained (with or 
without distortion). Check the capacitor with a capaci- 
tance checker; also check the value of resistor RN withan 
oh 


Low Output. A number of conditions can cause reduced 
output. For example, low collector voltage, low bias volt- 
age, loss of transistor gain, an open or high-resistance 
tuned circuit in the i-f transformers, and short-circuited or 
changed values of other parts. Check the bias and col- 
lector voltages with a voltmeter. Use an oscilloscope and 
r-f probe and test from point to point throughout the cir- 
cuit, to determine where the signal drops in amplitude. The 
signal at the collector of Q1] should be larger in amplitude 
than the signal at the base of QI. [f the signal appears 
at the input to Tl and is qeatly reduced at the base of Q1, 
either Tl or QI is defective. if C3 is open-circuited, the 
emiter current flowing through R3 will produce degeneration 
and oppose the bias. The output will be reduced in pro- 


Portion to the egounls pot ee With a collector cut 


tc be good than to substitute an i transformer. 
insufficient Selectivity. Lack of selectivity can occur 
because of poor alignment of tuned circuits, which is 
ly indicated by loss of gain, together with broad toning: 
most cases, however, special tests are necessary to de- 
termine whether realignment is needed, and specic! pro- 
cedures and equipment are required for proper alignment. 
Therefore, readjustment of the 1-f wimmers should be at- 
temped only when it is acertained that the circuit is other- 
wise Operating normally. Where i-f transformer {s} are re- 
placed, itis necessary io make 
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the initial selectivity. A rough approximation of perform- 
ance may be obtained by observing the detected output on 
an oscilloscope and tuning an r-f signal generator through 
the i-f pass band. The amplitude of the signal observed on 
the oscilloscope will be nearly uniform for a flat-topped 
response curve. The 70-percent response points below and 
above the i-f center fi iccte Sppioamaiely 
the low-and high-frequency limits of the puss band. Where 
lock of selectivity is suspected, the necessary check can 
be made by determining the equipment specifications, fol- 
lowing the manufacturer’s recommended alignment procedure, 
and comparing results, noting the effect of each adjust- 
ment of the response curve. 


TUNED COMMON-BASE R-F AMPLIFIER. 


APPLICATION. 

The tuned common-base r-i amplifier is used in rece: 
input stages to provide low noise, aid goed selectivity 
tather than high t-f gain, and to eliminate images and 
spurious signals in superheterodyne receivers. 


2 


CHARACTERISTICS. 

Uses common-base configuration. 

Uses fixed bias {except when automatic gain control is 
employed}, although self-base applications may be en- 
countered. 

Uses a single-tuned tank circuit to provide selectivity. 

Transistor guin is less than unity, but tuned resonant 
circuits provide some gain. 

Does not require thermal compensation. 

Because of lower output capacitance, is operabie at 
higher frequencies than any other circuit configuration. 

Usually requires neutralization or unilateralization to 
prevent oscillation. 


CIRCUIT ANALYSIS. 

General. Because of its lack of gain, the tuned common- 
base rf amplifier is generally used as an isoiation stage 
between the antenna and mixer stage, particularly in medium- 
frequency (broadcast) receivers. While the tuned circuits 
offer some increase in signal gain, tne transistor gain is 
always less thon one. Since images and spurious sicnals 
ore not discriminated against in receivers having their in- 
puts coupied to the maxer staue, the selectivity and nese 
reducuon effects of the tuned +f amplifier p: 
periormance. 

Because of the low base-coilector Capacitance 
transistors, iné Common-dus€ circuit is usuahy wot 
very high frequencies (the shunt output crraaicice as 
much iQwer, ond bet 
the pase gicunded, G io 
thermal compensation is usually omitted. The common-base 
rircuit is also considered to be inherently unstable over 
the entire range cf cperction, sc that neutralization or un- 
ilcteralization networks are used to prevent oscilletion. 


ide better 
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Circuit Operation. The accompanying schematic illus- 
strates a typical common-base r-f amplifier using fixed base 

bias. For simplicity ot circuit discussion, it is assumed 
that no automatic-gain-control (A-G-C) voltage is applied. 
(See Part B of Section 21 in this handbook for a discussion 
of A-GC circuits.) The tuned input circuit consists of 
parallel-resonant tank L1, Cl, with the antenna tapped at 
the lower end for proper input matching and maximum power 
transfer. The circuit is arranged for negative ground, which 


OUTPUT 


Typical Common-Base R-F Amolifier 


allows both tuned circuit tanks to be grounded in order to 
avoid body capacitance effects. The input tank is coupled 
to the base by capacitor C2 thus avoiding shunting of the 
emitter to ground through the low value of dc coil resist- 
ance. The emitter d-c retum is completed by Rl. This is 
essentially shunt feed bias. While Rl could be replaced 
with an mf choke (shown in dotted lines in the figure), it 
is made resistive to avoid “dead spots’ caused by ony 
spurious resonances formed by the stray and element ca- 
Pacitance with the RFC, since the stage usually must be 
tunable over a wide range of frequencies. Fixed voltage 
divider bias is provided by R2 and R3. (See Section 3, 
Paragraph 3.3.1 for a discussion of base bias.) C5 
places the the base at r-f ground and removes the 
tc bias circuits from the radio-frequency path, so that the 
initial bias is unaffected by signal variations. Output tok 
C3, L4 is tuned to obtain maximum selectivity, and the 
collector output is matched to the base of the next stage 
through r-f transformer secondary LS. The tuned circuit is 
ploced in the primary rather than the secondary, since 
tuning the secondary would tend to shift the phase relation- 
ships between the primary and secondary. Thus, feedback 
loop CN, RN, provided for neutralization ond cancellation 
of internally developed feedback, remains unaffected by 
circuit tuning. Transistor Ql is a high-frequency type of 
transistor; the case is grounded to provide further shielding 
and isolation between the input and output circuits. Ca- 
Pacitor C4 bypasses any t-f around the supply, and prevents 
it from entering the bias circuit. 

The functioning of the r-£ amplifier is basically the 
same as that of an RC-coupled audio amplifier, with tuned 
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tank circuits L1, Cl and L4, C3 acting in place of the 
base and collector resistors, respectively. The difference 
is that the operation occurs at radio-frequency rates rother 
than audio-frequency rates. Instead of the amplitude of the 
auido signal itself causing the emitter and collector currents 
0 vary; it is the amplitude of the r-f envlope at any parti- 
culor instant which causes these curtents to vary. In the 
case of modulated emissions, the modulation varies the 
amplitude of the r-f envelope in proportion to the modulation. 
Thus, the received signal can be considered as an r-f 
carrier which rises and falls sinusoidally in accordance 
with the amplitude of the modulation, ond is omplified 
exactly as if it were a single audio frequency, assuming 
that the input and output circuits are properly tuned and 
have the required bandwidth .If these conditions are not 
met, the t-f envelope becomes distorted; that is, a differently 
shaped signal is formed. The t-f envelope is produced by 
individual redio-frequency cycles varying above and below 
the zero carrier level. Each cycle produces equal positive 
and negative alternations, and causes the transistor bias to 
be increased and decreased equally. The average value 
over a half-cycle of modulation determines whether the 
total effect is that of an increased or a decreased signal. 
Thus, the tips of the r-f pulses trace out a relatively slowly 
varying signal, which is the audio (or other) modulation, 
and occurs at an audio (or other) rate ~ not an r-f rate. De- 
Pending upon the rapidity of tate of change of the audio 
modulation, a few of the r-f cycles could be lost without 
significontly affecting the over-all] modulation waveshape. 
The accompanying illustration shows the concept of an r-f 
envelope and the manner in which it is formed, using o 
single carrier frequency and a single 400-cycle sinusodial 
modulation frequency for ease of explanation. Other more 
complex waveforms also produce a similar result, which 
can be demonstrated by o mathematic analysis beyond the 
scope of this Handbook. 
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Development of an R-F Envelope 


With no signal applied, Q1 rests at its quiescent value 
of emitter and collector curtent as determined by base bias 
divider 2, R3, together with emitter resistor R1 and collect- 
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or resistor R4. Since the quiescent current is steady, no 
output is produced. When a signal is applied to L1 from the 
antenna, a large resonant voltage is developed across tank 
L1, Cl, and is applied through C2 to the emitter of Gl} 
For ease of discussion, the input tank can be ca: sideed 


os ancl YeneTTT 


ected between s 


see 

Assume that the input signal amplitude is increasing 
and becoming more positive, and that the instantaneous 
value of the signal adds to the emitter bias. As the emitter 
bias increases in ¢ forwerd direction, the emitter and col- 
lector or current increase. Internally in transistor Q1, there is 
a flow of holes trom emitter ts collector: extemally, the 
flow consists of electrons from emitter to collector. A 
small base current flows from Re to emitter (through the 
base junction), through blocking ¢ itor C2 and tank L1, 
Cita ground, and through C5 to ie: bases The caliec 
current ficw is from ground through R4 and tank L4, C. 
to the collector, ond through the collector-to-base acted 
and C5 to ground. Note that in the common base circuit 
the collector current is clways less than the emitter 
current (IC = [E-Is). When the collector current increases 
with @ signal, a large voltage drop is produced across the 
output tank impedance, thus developing a positive output 
signa! (the common-base input and output polarities are 
identical). Since the L5 secondary is coupled to the L4 
primary, Current flow through the primary induces cn output 
voltage i 
ondery by transformer action. The secondar 
be either in-ohase or out-of-phase, depending upon the 
connections. 

Assume now that the input signal amplitude decreases 
and goes negative. The emitter forward bias is reduced 
and less collector current flows. As the input signal goes 
\egative, the collector voltage rises toward the supply 
lue. Since the collector is reverse-biased by the neqati 
supply, G negative output signal is produced. Collector 
resistor 44 prevents large positive swings from dropping 
the collector voltage past zero, and causing an Overshoct 
which would drive the collector positive and produce a 
forward coliector bias with consequent nigh current putse 
and distortion, by limiting the total available supply voltage. 
Ss; a large “signal ¢ can drop the collector voltage to zero, 


drop in used: 
cults.) ae ee Se 
remains unaffected by signal variations, and in effect 
Grounds tank capucite: CD ve avid bed, i 
when the capacitor is tuned. 


am out-of-phase voltage to the emitter and 
prevents oscillation due to internal feedback within Qi. In 
rf amplifiers 
neutralizing a 


woted unilaters. 
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FAILURE ANALYSIS. 

General. When making voltage checks, use a vacuum 
tube voltmeter to avoid the low values of snunting resist 
ence employed on the low-voltage ranges oi volt-ohmmeters. 
Be careful alse to observe proper polarity when checking 
contiguity with the chmmeter, since a forward bias through 
any of the transistor junctions will couse a false low- 
resistance reading. 

When checking r-f voltages, always use 4 yacuum-tube 
voltmeter (VTVM) or an electronic voltmeter with an if 
probes The conventional velumeter only indicates de. 
is s necessary to first rectlfy the rf before the 
te properly. s lone automaticaly 
ond senorntely ny the rf probe when the 
electronic voltmeter is used. 


the VTS 


No Output. No iiput signal, ¢ a input or output 
tonk, an open emitter circuit or defective transistor, as 
improrer bias, can cause no sutpat. Tt Hl is open, 


tter circuit will be open, and if K4 is open, the 
collector circuit will be open; in eithercase there will be 
no output. If R2 is open, Q1 will operate eat approximately 
zero bias and no output will occur except for extremely 
strong signals. Check the d-c voitages un Q! 10 determine 
the bias. With anormal suppiy voltage, for ¢ PNP tran- 
or (with negative ground), all voltages will read posi- 
tive with tespect to ground. The emitter will always be a 
few tenths of a volt more positive than the base, and the 
collector will read the lowest (sometimes zero). For ex- 
ample, if R4 were shorted, L4 would be connected to 

4, the collector would be at grouns potential, and the 
meter would indicate zero, even though iull collector volt- 
age would sull be upplied. 

The tank colis can be checked ier continuity with an 
ohmmeter tc determine whether they areopen; they must 
be disconnected when the tuning capacitors are checked, 
Hf couphiaig capacser C2 
output. If C2 is open, the emit! 
Bit there will be no output. 


ve, thete will be ne 
voltage will be normal, 
S shorted, the emitter 

al be n ie resistance ot a 

and no cutput will be chtained. In this cose Rl will 3 

hot ond possibly burn out. 

ng 4 is shorted, ise Se poly will be 


he low {depend 


duce eltner a very weak oF — Ro Sut 
5 is anen | be obtained (pre- 


and secondary is very 
defective neutralizing network, st sutncientiy strong, cari 


duce the gitp! 


ter, and 


CHECK UN WI G LepucitGnce & 


Defective rt tanks can cause G no-output condition. 
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frequency, particularly when the tuning dial is calibrated, 
since any change in component values will change the 
resonent frequency, If the circuit bias voltages appear to be 
normal and there is no output, connect a modulated r-f signal 
generator to the antenna, the emitter, the collector, and the 
output winding, successively. If the input circuit is de- 
fective, the signal will appear when the generator is con- 
nected to the emitter. If the transistor is defective, the 
signal will oppear after the generator is connected to the 
collector. With a defective collector tank, the signal will 
appear when the generator is connected to the output wind- 
ing. If the signal does not appear, the output coi! is open. 

It is important to keep in mind that ony slight capacitive 
coupling at radio frequencies will pass a weak signal, so 
that a weok output is possible under circumstances which at 
audio frequencies would be impossible. Thus, where more 
than one r-f stage is used, it is possible to have a ‘dead’! 
input stage and yet, through stray capacitive coupling, 
obtain sufficient signal leak-through" into the following 
amplifier to produce a weak output. 

Low Output. Low output can be caused by improper 
bias or supply voltage, a defective transistor, high series 
resistance or impedance, or a low shunting impedance or 
resistance. The bias and supply voltage can be checked 
with a voltmeter. If the value of Ri increases, the emitter 
bias will be increased, and if the value of R4 increases, 
the collector voltage range will be reduced; both cases 
will cause reduced output, and can be checked by use of an 
chmmeter. If CS opens, the base retum to ground will be 
through R3, which places it in series with the input signal; 
thus the input signal will be reduced, as well as the output 
signal. High resistances produced by poorly soldered 
connections can also cause reduced output. Applying a hot 
iron to the defective joint will usually restore operation to 
normal. If Rl deteriorates to a very low value, the input 
signal will be partially shunted to ground and the output will 
be reduced. Where the transistor seems to be defective 
(tess signal appears on the collector side than on the 
emitter side), replace it with one known to be good. No 
Current gdin is obtained through the transistor in the common- 
bose circuit, since the collector current is always less 
than the emitter current by the amount of base current. 
Nevertheless, when low impedance is used in the input 
and high impedance in the output, a relative voltage gain 
will be obtained because of the greoter voltage drop across 
the larger impedance. 

Distorted Output. Receiver r-{ amplifiers are operated 
Class A to avoid distortion. If the bias is too high the 
peaks will be clipped, or if the bias is too low a similar 
effect will be caused by overdriving, and saturation will 
occur on strong signals; both effects are forms of amplitude 
distortion. If the selectivity is too sharp, frequencies out- 
side the band pass will be cut off entirely or partially 
attenuated. Thus, on modulated signals some of the side- 
band frequencies will be lost, and frequency distortion will 
occur because of the loss of some of the audio signals. 
Normally, deterioration of parts caused by aging, moisture 
absorption, etc, will produce « reduction in the tuning cir- 
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cuit Q, and thus result in reduced performance and decreased 
selectivity, but this will not cause distortion. On the other 
hand, parts value changes can cause regeneration (positive 
ieedback) at certain frequencies or over a range of fre- 
quencies. Such feedback increases the sharpness of 

tuning and can cause distortion due to sideband cutting. 
The prime couse is failure of the neutralizing or unilateral- 
ization network. Such effects can also be caused by a 
detective transistor. First check the neutralization network 
for proper component values, and then check the supply and 
bias bypass capacitors. In multipke-stage receivers, 
common impedance coupling can occur through deterioration 
of the power supply bypass capacitor, thus producing un- 
wanted feedback similar to that encountered in electron 

tube operation. In cases of this kind it is usually necessary 
to remove the defective capacitor and replace it with a new 
one in order to cure the trouble. Just placing the new ca- 
pacitor across the defective one will not always correct the 
trouble, 

Distortion coused by ‘’cross modulation” from strong 
local signals sometimes exists, and is primarily a fault in 
design (lack of sufficient selectivity) of: the result of too 
close coupling to the antenna, which produces fundamental 
overload. Thus, saturation occurs, and the nonlinearity 
produced causes the unwanted signal to appear on the de 
sired signal as cross modulation. This effect is most 
noticeable when operating in the immediate vicinity of 
strong shore or ship stations. It cannot be remedied by 
normal parts replacement, but rather by external means, such 
as changing the input and ontenne coupling or inserting a 
loss network at the input. 


TUNED COMMON-EMITTER R-F AMPLIFIER. 


APPLICATION. 

The tuned common-emitter r-f amplifier is universally 
used in receivers and test equipment to provide high r-f 
gain ond selectivity, and to eliminate images or other 
Spurious responses. 


CHARACTERISTICS. 

Uses common-emitter configuration. 

Uses fixed bias {except when automatic gain control is 
employed}, ond some self-bias combinations may be en~ 
countered. 

Transistor provides high gain (100 or better). 

Usually requires thermal compensation. 

Requires neutralization or unilateralization only at the 
lower r-f frequencies, since it is inherently stable. 


CIRCUIT ANALYSIS. 

General. The large collector-to-base capacitance of the 
transistor tends to shunt the output to ground, when con- 
nected in the common-emitter configuration. Therefore, the 
amplification tends to drop at the higher radio frequencies. 
On the other hand, a small change in base current couses 
a very large relative change in collector current. Thus, 
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the small signal input controls a large current which de- 
velops the output voltage; this action is similar to elec 
tron tube operation using the grounded-cathode configuration. 
Although the output impedance of the common-emitter circuit 
is not as high as that of the common-base circuit, the large 
collector current flow through a moderate output impedance 
produces a much larger output. Hence, the common-emitter 
circuit always gives a large gain. Even at the higher radio 
frequencies where the gain drops off, it may be possible 
to obtain sufficient gain over that of the common-base cir- 
eit to justify use of the common-emitter circuit instead. 

The common-emttter circuit clso hos a higher input 
impedance than that of the common-base circuit (on the 
otder of a few hundred ohms). Consequently, it is easier 
to match the input (and the output) circuit for efficient 
power transfer. As a tesult, tie common-emitter circuit, 
rother than the common-base circuit, tends to be used uni- 
versally. 

Circuit Operation, The accompanying illustration shows 
a typical tuned mf amplifier using the common-emitter con- 
figurotion. Li and C1 form the input tuning circuit, with 
both the antenna and the base tapped onto L1 to provide a 
proper impedance match, Capacitor C2 bypasses the lower 
end of L] to ground for rf, and also bypasses bias resistor 
Rl. Fixed base bias is provided by voltage divider Rl, 
R2. (See Section 3, paragraph 3.4.1 for discussion of bias, 
ond patagruph 3.4.2 for a discussion of stabilization.) Ther- 
mal stabilization is provided by emitter swamping r 


Typical Tuned Common-Emitter R-F Stage 


R3 bypassed by C3. The output tank consists of C4 and 
1.2, with the supply voltage fed at approximately the center 
e coil. Thus, an out-of-phase voltage is optained and 
fed through Cn fur neutralizing the ransistor. L2 is also 
topped at uppicpricte points te march the collector and the 
output circuit. The output is capacitively coupied ducugh 
Cee. Capacitor C5 tunctions to bypass rf cround collector 
resistor R4 and the supply, and also toe maintain the center 
of the coil at ground potential, in order to insure the propet 
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phase relationships between the ends of the tank coil. R4 
is a voltage-dropping and isolation resistor in the collector 
circuit (it is not always necessory to use Rd). 

Operation of the tuned common-emitter r-{ amplifier is 
very similar to the previously discussed R-C coupled audio 
amplifier using the common-emitter circuit, with the tuned 
rank circuits replaced by resistors. The basic difference 
is that the audio amplifier operates at low frequencies 
with relatively slowly vorying signals, whereas the r-i 
amplifier operates at much higher frequencies and follows 
the relatively slowly varying envelope amplitude when 
moduloted. When not modulated, continuous-wave signals 
in the band pass of the tuned circuits are amplified 
equally on the positive and neyative half-eycles, and vary 
in amplitude with the average amplitude of the input signal. 
Thus, as the signal fades in the output signal is larger, and 
as it fades out the output signal is smaller. The action, 
meanwhile, occurs at the r-f rate; for example, @ continuous 
tf signal of 30 megacycles requires a time of only one 
thirty-millionth of a second to complete one cycle of opera- 
tion. 

At the start of the cycle of operation the uansistor is 
testing in a quiescent condition, with the collector current 
determined by the d-c base bias, which is fixed for o speci- 
fic supply voltage by voltage divider resistors R) and R2. 
Jt is usual practice to bias the base negative with respect 
to the emitter (forward bias). The difference in potential 
is normally only a few tenths of a volt, and is set at the 
center of the forward transfer characteristic curve for Class 
A operation. Since the received signal is normaily on ¢ 
order of microvolts, the low bias value is adequate to pre- 
vent overloading (except in the case of strong local signals}. 
Either automatic or manual gain control is usually provided 
in practical rf stages to accommodate ‘arge signals; this 
is not shown in the schematic, to avoid circuit compli- 
cation and for ease of discussion. (See Section 22, Part 
B, Control Circuits, of this Handbook for the functioning 
and operation of semiconductor automatic gain control cir 
cuits.) 

Assume that an t-f signal within the bond pass of the 
tuned input (tank) circuit, consisting of L1 and Cl, 
appears at the ontenna. With the antenna tapped onto 
L! at the proper number of turns to match its impedance, 
the Jow-impedance antenna tesistance is transformed by 
autotransformer dction to match the large parallel resonant 
impedance of the tank. Thus, maximum siqnai transler 
from the antenna to the coil is obtained. In tum, the base 
is also tapped onto L} for a proper impedance match, 
change the iow input resistance offered by the common- 
emitter circuit to a value that more closely matenes the 
high impedance of the tuned input circuit. With bypass 
copacitors C2 and C3 effectively grounding the bottem of 
L) and the emitter, respectively, as far as rf is concemed, 
the tuned input circuit is connected between the base and 
the emitter. Thus, the rt signal dses not flew through the 
bias voltage divider or the emitter swamping resistor (R3). 

Assume, forthe moment, thot the input signal is swing 
negative and 


ds to the forward base bias, thus pro- 
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ducing an increase in collector current, (which is a flow of 
electrons from the supply through L.2 te the collector). Ap- 
plication of the instantaneous negative signal voltage to 
the base of Ql couses a flow of holes from emitter to base. 
This is the same as a flow of electrons from base to emit 
tet, and a circulating base current flow occurs from the 
emitter through C3 to ground, and through C2 and the lower 
portion of L back to the base. On the positive half of the 
input signal the forward bias is reduced, and the collector 
current, Ukewise, is reduced. Electron flow and base 
current flow are through the same path os given previously 
for the negative half-cycle, but is diminished in value. 

With equal positive and negative swings, an average value 
of base current flow occurs, ond varies in accordance with 
the signal amplitude. The collector current follows, but it 
is larger in amplitude since it is approximately equal to 
beta times the input signal. 

Since the input tank circuit is tuned to the frequency of 
the incoming signal, only rf signals within the band pass 
of the tuned circuit oppear at the base and affect the collec- 
tor current. The amount of selectivity of the tuned cir- 
cuit depends upon the unloaded Q of the tank. When this 0 
is high, the tuned circuit is highly selective, and only a 
narrow band of frequencies is accepted by the tuned cir~ 
cuit. Thus, the base current is controlled by the tuning of 
the tonk circuit. When the tank circuit is resonant to the 
signal, base current is injected into the transistor; when 
it is nonresonant, only the d-c (bias) value of base current 
flow exists. 

In the collector circuit, the load impedance across 
which the output is developed consists of tuned tank circuit 
L2, C4, Coil L2 is bypassed to ground for rf at the supply 
voltage tap by C5. Thus, the rotor of tuning capacitor C4 
can be grounded to avoid body capacitance effects when 
tuning, The portion of L2 between the supply ond the low- 
et end of L2 forms a neutralizing winding, which fumishes 
180-degree phase shift and supplies an out-of-phase voltage 
back to the bose through CN. Thus, the effect of the tuned 
input and output circuits being coupled through the tran- 
sistor collectomto-base capacitance and the intemal base 
spreading resistance of Ql, which causes positive feedback 
and oscillation, ate concelledout. This type of neutralizing 
circuit is similar to the Hazeltine neutrodyne method used 
with electron tube operation. Since the output impedance 
is the low input resistance of a following common-emitter 
Stage; the coupling capacitor is tapped at some intermediate 
value of turns ratio between the supply and collector taps. 
Thus, a step-down ratio is provided to match the transistor 
output for maximum power transfer and gain. The collector 
is also shown tapped down on L2 for proper matching, 
assuming that the tuned tank impedance is higher than the 
collector impedance. This is usually true at low r-f ranges; 
however, at high radio frequencies, such as in the UHF 
region, the tank and collector impedances may be af the 
same order, in which case the collector may be connected 
to thetop of L2. {In some circuit versions a deliberate mis- 
match may be arranged and the neutralizing arrangement 
dispensed with.) 
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Regardless of the impedance-matching or neutralizing 
methods used, however, the output signal is ceveloped 
across the impedance provided by the parallel tuned tank 
circuit. At resonance the impedance is high, and off reso- 
nance it is a lower value. Thus, for frequencies within 
the band pass of the tuned circuit, the impedance is high, 
and a large voltage drop occurs across this impedance. 

With a negative-going input signe! the collectos current 

flow causes a drop across the psrallel-tuned tank which 
teduces the collector voltage toward zero. Since the collec- 
tor is reverse-biased, the output is positive-going. When 
the input signal swings positive, the forward bias is reduced, 
which reduces the collector current also. Less voltage drop 
occurs across the output tank, and the collector voltage in- 
creases in a negative direction, thus producing a negative 
output signal (common-emiiter output ond input polarities 
are always opposite). These positive and negative signal 
excursions occur at an rf rate. For a constant-amplitude 
input, a constant, amplified ourput signa! isdeveloped. If 
the signal is modulated, the output amplitude follows the 
waveform envelope, and the output amplitude varies in 
accordance with the modulation. With signal swings less 
than the applied base bias, no distortion is produced. If 
the input signal is greater than the bias, or if the collec- 

ior voltage is dropped to zero before the peak occurs, then 
clipping and distortion effects are produced. Resistor Rd 
is used to drop the collector voltage to the proper value 

and to act as a decoupling resistor. It also prevents the 
collector voltage from being driven positive by strong sig 
nals, which would forward-bias the collector and cause 
heavy current flow with distortion. The transistor case is 
grounded to provide better shielding and prevent r-f feedback. 

Normally, swamping resistor R3 is affected only by slow 
d-c variations of emitter current caused bv ambient temper~ 
ature changes. The increased emitter cu. rent flow with 
temperature produces a voltage across R3 which opposes 
the bias voltage and reduces the emitter current back to its 
original value. Any r-f signal is bypassed across R3 by 
C3. This is conventional emitter swamping action. 

The output is shown capscitively coupled since it is us- 
ually more economical thon providing a secondary winding 
to couple out of L2, plus the fact that at high frequencies 
it is sometimes difficult to obtain optimum coupling between 
windings because of high-frequency effects. Any of the 
tapped tanks shown in the schematic con be replaced by 
tuned transformers without any change in operation, if they 
have sufficient coupling, if they tune to the same frequen- 
cies, and if they tune over the same range. Circuit cost 
and designer's preference usually determine which are used. 
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FAILURE ANALYSIS. 

General, When making voltage checks, use a vacuum- 
tube voltmeter to avoid the low values of shunting resistance 
employed on the low-voltage ranges of volt-ohmmeters. Be 
careful also to observe proper polarity when checking con- 
tinuity with the ohmmeter, since a forward bias through any 
of the transistor junctions will cause a false Jow-resistance 
reading. 
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When checking rf veltages, always us. 3 vacuum-tube 
voltmeter (VTYM) or an electronic voltmeter with on rf 
probe. The conventional voltmeter indicates only dc. There 
iore, itis necessary first to rectify the rf before the volt 
meter wil indicote properly. This is done automatically 
in the VTVM, and separately by the mf probe when We 
electronic voltmeter is used. 

No Ousput. Open base, emitter, or collector circuits 
or short-citcuited input or output circuits, as well as lack 
of supply voltage or a defective transistor, can cause no 
output. lf either L] is open or Cl is shorted, no output will 
be obtained. If L] is disconnected from Cl, poth the con- 
ufuity of Lt and the sisiting of ©) ran be checked with an 
ohmmeter. Leck of supply voltage as well us bias voltaqe 
con pe determined by use of g volumeter. Proper base bias 
indicates that the bios divider and Sower port of LI are con- 
nected 1¢ the base. Li 2, proper collector voltage in- 
dicates that R4 and L2 ore satisfcctory and that tuning 
capacitor C4 1s not shorted. If CS is shorted, the full supply 
voltage will be dropped across F4, and there wil! be no out- 
put. {f coupling capacitor Cee is open, no output will be 
obtcined (although there is 0 possibility that 5 strong siunal 
may still feed through as < weak signal by stray capacitive 
coupling). If emitter resistor R3 is open, there can be ro 
output. If neutralizing capacitor CN is open ond the teed- 
back is sufficient, the transistor may be blecked, with con- 
sequent joss of output, although it is more likely that a low 
Gutpui with squeal and distortion will be obtained. How- 
ever, if Cn is shored, the base ond cuiiector will 
ed through the neutralization coil an 
obtained. 

Normally, the collector voltaye will be Sower than the 
supply voltage because of the drop across R4. 
lector voltage will indicate improper bias on the 
lack of collector current cue defective transistor or an 
open emitter resistor (R3). If the uansistor is in doubt, re- 
lace it with one known to be in good opercting condition. 

Low Output. If the forward bias 1s too low, if the col- 
lector voltageis low, or if the transistor qain has deteri- 
orated, a low output will be obtcined. High-resistance 
soldered connections in the input and output ranks or non- 
resonance can also cause a reduction of the output. ff 
emitter resistor H3 increuses i or hypass capucitor 
O38 goer se be reduced by emitter 
deqeneration effects. and coll 
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shunting an equivalent capacitor aeross it. An inctease in 
output when this is done indicates that the oriainal capaci- 
tance is insufficient, To determine that the tuned circuits 
are operating properly, irsert a modulated sianal from a 
signal generator into the antenna, and use an oscilloscope 
with an rf probe to determine whether the simal appears 
at the bose and the collector. Tunina the tank circuits wil 
cause the signal to increase in amplitude at the resonant 
frequency. !f the tuning has no effect, the tanks are open 
or shorted and must be disconnected and checked individual- 
ly, When the circuit components appeor to be operating 
normally and the ontput is low, substitute a transistor 
known te be good to determine whether the oriqinal tran- 
igtor 1s at fault. 
Where AGC voltage we fet inte ihe bese cient to cone 
io} the volume automatically, do not neglect the possitulty 
that too great an AGC voltage may he oiasing-off the stade. 
ith c properly tunctioning circ he AGC voltage wil 
vary in accordance with the strengti: of the Inpet signal, 
or with the tuning, as the desired siqnal is selected. 
delayed AGC it is normel for the AGC bias voltage to be 
almost zero with weck signals so that ful! sensitivity is 
obtained, 

Distorted Output or Poor Selectivity. if the bias is too 
nigh or too low, the signal may be clipped by operating at 
or near saturation or cutoff, respectively. If there is ex 
cessive regeneration at some frequercy, the tuning may be 
sharpened sufficiently to cause sideband cutoff, and fre- 
quency distortion will result ftom the loss of original fre- 
quencies now cuixide the reduced pass band. Poor select- 
ivity (broad tuning) 1s usuuily caused by hign resistunce 
in the tuned circuits due to poorly scldered joints or aging. 
A lowering of the tuned circuit G can also cause @ broaden: 
ing of the selectivity curve and reduce the apparent gain. 
With colibrated dials, reception of the siamal at the wrong 
frequency indicates a change in circuit constants in the 
tank, cf 6 churiye in the stray and distributed shunt cor 
pacitance in the tuned circuit. Usually, a readjustment of 
the trimmer capacitors will restore the colibrotion t aormal. 
It is particularly important while repairing or trouble-shooting 
r-f circuits not to disturb the lead dress or reroute the wiring; 
otherwise, a change in stray capacitunce {or inductance) 
will couse improper «tacking cf the tuned circuit. Moisture 
sbsorption in coils and dielectrics plus aging effects can 
uaguse a loss of O, which con be testored only by reolacing 
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